Modeling of atherosclerotic plaque growth using fluid-structure interaction. by Chen, C
Modeling of Atherosclerotic
plaque growth using
Fluid-Structure Interaction
by
Colin Xu Chen
B.App.Sc (RMIT University)
Dissertation submitted in total fullment of the requirements for the
Doctorate of Philosophy
School of Mathematical and Geospatial Sciences
RMIT University
Melbourne
Australia
July 2, 2013
DECLARATION
The candidate hereby declares that the work in this thesis, presented for the award
of the Doctorate of Philosiphy and submitted in the School of Mathematical and
Geospatial Sciences, RMIT University:
 has been done by the candidate alone and has not been submitted
previously, in whole or in part, in respect of any other academic
award and has not been published in any form by any other person
except where due reference is given, and
 has been carried out under the supervision of Dr. Yan Ding
........................................
Colin Xu Chen
Certication
This is to certify that the above statements made by the candidate are correct to
the best of our knowledge.
.......................................
Dr. Yan Ding
Supervisor
II
Acknowledgements
I welcome this opportunity to thank Dr. Yan Ding and Dr. John Gear for
their assistance over the years. Both Yan and John have spent countless amount of
hours of guiding me throughout this research, they have provided me with valuable
research experience and given me numerous advices which improved the quality of
this thesis. I wish to express my gratitude to RMIT university for the nancial
assistance provided via the scholarships. Last but not least, I would like to thank
my parents and my partner for their constant support, the nancial and emotional
assistance along with the patience and understanding is greatly appreciated.
III
Contents
1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Objectives of the project . . . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2 Literature review 9
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 2-D blood ow modeling . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Blood ow modeling using Fluid-Structure Interaction . . . . . . . 15
2.3.1 Abdominal Aortic Aneurysm studies . . . . . . . . . . . . . 15
2.3.2 Aorta model studies . . . . . . . . . . . . . . . . . . . . . . 17
2.3.3 Carotid artery studies . . . . . . . . . . . . . . . . . . . . . 20
2.3.4 Miscellaneous arteries studies . . . . . . . . . . . . . . . . . 26
2.4 Artery models based on MRI data . . . . . . . . . . . . . . . . . . . 29
2.5 Plaque growth studies . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.5.1 Experimental investigations on plaque growth . . . . . . . . 32
2.5.2 Numerical work involving plaque growth . . . . . . . . . . . 34
2.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3 Mathematical descriptions of the stenosis modeling 39
3.1 Initial stenosis model geometries . . . . . . . . . . . . . . . . . . . . 39
3.1.1 Validation model geometry - axis-symmetric 45% stenosis sever-
ity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
IV
3.1.2 Base model geometry - axis-asymmetric 45% stenosis severity 42
3.2 Modeling equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.3 Model condition settings . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3.1 Boundary condition - uid domain . . . . . . . . . . . . . . 52
3.3.2 Solid domain model settings . . . . . . . . . . . . . . . . . . 52
3.3.3 Blood ow proles . . . . . . . . . . . . . . . . . . . . . . . 53
3.4 Growth modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4 Model validation and mesh independence 59
4.1 Validation of model settings . . . . . . . . . . . . . . . . . . . . . . 59
4.2 Mesh independence . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4.3 Flow repeatability . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
5 Analysis of mild and severe stenosis 68
5.1 FSI simulations of mild stenosis models . . . . . . . . . . . . . . . . 68
5.1.1 Base model . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5.1.2 Mild stenosis model with lipid pool . . . . . . . . . . . . . . 70
5.2 FSI simulations of severe stenosis models . . . . . . . . . . . . . . . 77
6 Plaque growth modeling 89
6.1 Plaque morphology evolution due to growth . . . . . . . . . . . . . 90
6.2 Stress analysis of growth-updated stenosis models . . . . . . . . . . 111
7 Comparison between physiological and sinusoidal ows 120
8 Conclusions 130
8.1 Summary of the conclusions . . . . . . . . . . . . . . . . . . . . . . 130
8.1.1 Summary of the research activities . . . . . . . . . . . . . . 130
8.1.2 Summary of the model congurations . . . . . . . . . . . . . 131
8.1.3 Research achievements to the eld of study . . . . . . . . . . 131
8.2 Recommended future work . . . . . . . . . . . . . . . . . . . . . . . 133
9 Glossary 135
V
10 Bibliography 137
A Supplementary results 149
A.1 Velocity magnitude against time plots for mild and severe stenosis
models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
A.2 Axial speed against distance plots for plaque growth models using
the sinusoidal pulsatile ow prole . . . . . . . . . . . . . . . . . . 159
A.3 Von Mises stress against time plots for the stress analysis models . . 163
A.4 Axial speed against distance plots for plaque growth models using
the physiological pulsatile ow prole . . . . . . . . . . . . . . . . . 170
B Research publications 174
VI
List of Figures
1.1 The makeup of a human artery [49]. . . . . . . . . . . . . . . . . . . 2
1.2 The rst sign of atherosclerosis, courtesy of Purves et al. [49]. . . . 3
1.3 Mild Stenosis, courtesy of Purves et al. [49]. . . . . . . . . . . . . . 4
1.4 Severe Stenosis, courtesy of Purves et al. [49]. . . . . . . . . . . . . 4
3.1 3-D axis-symmetric stenosis geometry representing the geometry of
Lee et al. [30]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.2 2-D stenosis geometry courtesy of Lee et al. [30]. . . . . . . . . . . 41
3.3 Base model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.4 Computational ow chart for the two-way FSI simulations. . . . . . 45
3.5 A 2-D example of a control volume in ebFVM. . . . . . . . . . . . . 46
3.6 The Prole Preserving Interpolation. . . . . . . . . . . . . . . . . . 50
3.7 The Globally Conservative Interpolation. . . . . . . . . . . . . . . . 50
3.8 Sinusoidal ow prole. . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.9 Physiological ow proles courtesy of Li et al. [32]. . . . . . . . . . 54
3.10 Base model with vertical and horizontal growths. . . . . . . . . . . 57
3.11 LDL distribution prole courtesy of Soulis et al. [58]. . . . . . . . . 58
4.1 A comparison of WSS resulted by Newtonian ow at t=tp = 0:25
(Peak ow). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.2 A comparison of WSS resulted by power law ow at t=tp = 0:25
(Peak ow). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
4.3 Maximum WSS values for four mesh densities. . . . . . . . . . . . . 63
VII
4.4 A close up view of the solid mesh showing 4 layers of hexahedral
elements along the thickness of the artery wall. . . . . . . . . . . . . 63
4.5 A view of the mesh for the uid region. . . . . . . . . . . . . . . . . 64
4.6 A view of the mesh for the solid region. . . . . . . . . . . . . . . . . 64
4.7 Axial velocity at the Outlet for 45% axis-asymmetric stenosed artery
over a time period for four continuous time cycles. . . . . . . . . . . 67
4.8 Axial velocity for 45% axis-asymmetric stenosed artery over a time
period for four continuous time cycles at Z 0 = 4:3. . . . . . . . . . . 67
5.1 Stenosis shape for the base model - 45% stenosis severity. . . . . . . 69
5.2 Geometry shape for the 45% stenosis model with a lipid pool. . . . 70
5.3 WSS along the 45% axis-asymmetric stenosed artery for the base
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.4 Pressure along the 45% axis-asymmetric stenosed artery for the base
model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.5 Velocity plots for 45% axis-asymmetric stenosed artery for the base
model at the fourth time period: velocity magnitude vs. time at
Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.6 WSS along the 45% axis-asymmetric stenosed artery for the lipid
pool model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.7 Pressure along the 45% axis-asymmetric stenosed artery for the lipid
pool model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
5.8 Velocity plots for 45% axis-asymmetric stenosed artery for the lipid
pool model at the third time period: velocity magnitude vs. time at
Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
5.9 Geometry shape for the 78% stenosis model with a lipid pool. . . . 77
5.10 WSS along the 78% axis-asymmetric stenosed artery with uniform
wall material properties. . . . . . . . . . . . . . . . . . . . . . . . . 79
5.11 Pressure along the 78% axis-asymmetric stenosed artery with uni-
form wall material properties. . . . . . . . . . . . . . . . . . . . . . 80
VIII
5.12 Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties at the fourth time period: velocity magni-
tude vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . 81
5.13 WSS along the 78% axis-asymmetric stenosed artery with multi-
material wall material properties. . . . . . . . . . . . . . . . . . . . 83
5.14 Pressure along the 78% axis-asymmetric stenosed artery with multi-
material wall material properties. . . . . . . . . . . . . . . . . . . . 84
5.15 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the tenth time period: velocity magnitude
vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.16 WSS along the 45% normal artery. . . . . . . . . . . . . . . . . . . 86
5.17 Mesh displacement on the artery wall at Z 0 = 4:3. . . . . . . . . . . 88
6.1 Z component velocity prole for the base model, Z direction, 45%
stenosis severity, diastolic phase. . . . . . . . . . . . . . . . . . . . . 91
6.2 Z component velocity prole for the base model, Y direction, 45%
stenosis severity, diastolic phase. . . . . . . . . . . . . . . . . . . . . 92
6.3 Plaque morphology for the shape correction model. . . . . . . . . . 93
6.4 Z component velocity prole for the initial shape correction model,
Z direction, 45% stenosis severity, sinusoidal ow, diastolic phase. . 94
6.5 Z component velocity prole for the initial shape correction model,
Y direction, 45% stenosis severity, sinusoidal ow, diastolic phase. . 94
6.6 Plaque morphology for the 53% stenosis model. . . . . . . . . . . . 95
6.7 Plaque morphology for the 55% stenosis model. . . . . . . . . . . . 96
6.8 Plaque morphology for the 59% stenosis model. . . . . . . . . . . . 96
6.9 Plaque morphology for the 79% stenosis model. . . . . . . . . . . . 97
6.10 WSS along the 79% axis-asymmetric stenosed artery with no lipid
pool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.11 Pressure along the 79% axis-asymmetric stenosed artery with no lipid
pool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
IX
6.12 Axial velocity prole for 79% stenosis model. . . . . . . . . . . . . . 100
6.13 Axial velocity prole for 79% stenosis model with a small lipid pool. 100
6.14 Axial velocity prole for 79% stenosis model with a large lipid pool. 101
6.15 WSS along the 79% axis-asymmetric stenosed artery with a small
lipid pool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
6.16 Pressure along the 79% axis-asymmetric stenosed artery with a small
lipid pool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.17 WSS along the 79% axis-asymmetric stenosed artery with a large
lipid pool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
6.18 Pressure along the 79% axis-asymmetric stenosed artery with a large
lipid pool. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.19 Pressure along the 79% axis-asymmetric stenosed artery with a large
lipid pool and a softer artery wall. . . . . . . . . . . . . . . . . . . . 108
6.20 WSS along the 79% axis-asymmetric stenosed artery with a large
lipid pool and a softer artery wall. . . . . . . . . . . . . . . . . . . . 109
6.21 3 centreline points which Von Mises Stress will be calculated on. . . 112
6.22 Geometry shape for the 79% stenosis model with a small lipid pool. 113
6.23 Geometry shape for the 79% stenosis model with a large lipid pool. 114
6.24 Von Mises stress at the front, back and tip of the stenosis for the
small lipid model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
6.25 Von Mises stress at the front, back and tip of the stenosis for the big
lipid model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
6.26 Von Mises stress contour plot at t=tp = 0:85 for the small lipid model.116
6.27 Von Mises stress contour plot at t=tp = 0:85 for the big lipid model. 117
6.28 Von Mises stress at the front, back and tip of the stenosis for the
softer brous cap model, second time period. . . . . . . . . . . . . . 117
6.29 Von Mises stress at the front of the stenosis for the softer brous cap
model, rst time period. . . . . . . . . . . . . . . . . . . . . . . . . 118
6.30 Von Mises stress at the front of the stenosis for the softer brous cap
model, rst time period. . . . . . . . . . . . . . . . . . . . . . . . . 118
X
6.31 Von Mises stress at the tip of the stenosis for the softer brous cap
model, rst time period. . . . . . . . . . . . . . . . . . . . . . . . . 119
7.1 Plaque morphology for the 45% plaque growth shape correction model
using a physiological ow prole. . . . . . . . . . . . . . . . . . . . 121
7.2 Plaque morphology for the 53% plaque growth model using a physi-
ological ow prole. . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
7.3 Wall shear stress distributions for 53% stenosis model, systolic phase.
The shaded area indicates the stenosis location and length along the
artery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7.4 Wall shear stress distributions for 53% stenosis model, diastolic phase.
The shaded area indicates the stenosis location and length along the
artery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
7.5 Plaque morphology for the 55% plaque growth model using a physi-
ological ow prole. . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.6 Wall shear stress distributions for 55% stenosis model, systolic phase.
The shaded area indicates the stenosis location and length along the
artery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
7.7 Wall shear stress distributions for 55% stenosis model, diastolic phase.
The shaded area indicates the stenosis location and length along the
artery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
7.8 Plaque morphology for the 58% plaque growth model using a physi-
ological ow prole. . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
A.1 Velocity plots for 45% axis-asymmetric stenosed artery with uniform
material wall properties: velocity magnitude vs. time at Z 0 = 4:3. . 150
A.2 Velocity plots for 45% axis-asymmetric stenosed artery with uniform
material wall properties at the second time period: velocity magni-
tude vs. time at Z 0 = 4:3. . . . . . . . . . . . . . . . . . . . . . . . 150
XI
A.3 Velocity plots for 45% axis-asymmetric stenosed artery with uniform
material wall properties at the third time period: velocity magnitude
vs. time at Z 0 = 4:3. . . . . . . . . . . . . . . . . . . . . . . . . . . 151
A.4 Velocity plots for 45% axis-asymmetric stenosed artery with multi-
material wall properties: velocity magnitude vs. time at Z 0 = 4:3 . . 151
A.5 Velocity plots for 45% axis-asymmetric stenosed artery with multi-
material wall properties at the second time period: velocity magni-
tude vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . 152
A.6 Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties: velocity magnitude vs. time at Z 0 = 4:3 . . 152
A.7 Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties at the second time period: velocity magni-
tude vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . 153
A.8 Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties at the third time period: velocity magnitude
vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
A.9 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties: velocity magnitude vs. time at Z 0 = 4:3 . . 154
A.10 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the second time period: velocity magni-
tude vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . 154
A.11 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the third time period: velocity magnitude
vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
A.12 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the fourth time period: velocity magni-
tude vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . 155
A.13 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the fth time period: velocity magnitude
vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
XII
A.14 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the sixth time period: velocity magnitude
vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
A.15 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the seventh time period: velocity magni-
tude vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . 157
A.16 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the eighth time period: velocity magni-
tude vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . 157
A.17 Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the ninth time period: velocity magnitude
vs. time at Z 0 = 4:3 . . . . . . . . . . . . . . . . . . . . . . . . . . . 158
A.18 Z component velocity prole, Z direction, 53% stenosis severity, si-
nusoidal ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 159
A.19 Z component velocity prole, Y direction, 53% stenosis severity, si-
nusoidal ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 160
A.20 Z component velocity prole, Z direction, 55% stenosis severity, si-
nusoidal ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 160
A.21 Z component velocity prole, Y direction, 55% stenosis severity, si-
nusoidal ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 161
A.22 Z component velocity prole, Z direction, 59% stenosis severity, si-
nusoidal ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 161
A.23 Z component velocity prole, Y direction, 59% stenosis severity, si-
nusoidal ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 162
A.24 Von Mises stress at the front of the stenosis for a small lipid model
at the rst time period. . . . . . . . . . . . . . . . . . . . . . . . . . 163
A.25 Von Mises stress at the back of the stenosis for a small lipid model
at the rst time period. . . . . . . . . . . . . . . . . . . . . . . . . . 164
A.26 Von Mises stress at the tip of the stenosis for a small lipid model at
the rst time period. . . . . . . . . . . . . . . . . . . . . . . . . . . 164
XIII
A.27 Von Mises stress at the front of the stenosis for the small lipid model
at the second time period. . . . . . . . . . . . . . . . . . . . . . . . 165
A.28 Von Mises stress at the back of the stenosis for the small lipid model
at the second time period. . . . . . . . . . . . . . . . . . . . . . . . 165
A.29 Von Mises stress at the tip of the stenosis for the small lipid model
at the second time period. . . . . . . . . . . . . . . . . . . . . . . . 166
A.30 Von Mises stress at the front of the stenosis for the big lipid model
at the rst time period. . . . . . . . . . . . . . . . . . . . . . . . . . 166
A.31 Von Mises stress at the back of the stenosis for the big lipid model
at the rst time period. . . . . . . . . . . . . . . . . . . . . . . . . . 167
A.32 Von Mises stress at the tip of the stenosis for the big lipid model at
the rst time period. . . . . . . . . . . . . . . . . . . . . . . . . . . 167
A.33 Von Mises stress at the front of the stenosis for the big lipid model
at the second time period. . . . . . . . . . . . . . . . . . . . . . . . 168
A.34 Von Mises stress at the back of the stenosis for the big lipid model
at the second time period. . . . . . . . . . . . . . . . . . . . . . . . 168
A.35 Von Mises stress at the tip of the stenosis for the big lipid model at
the second time period. . . . . . . . . . . . . . . . . . . . . . . . . . 169
A.36 Z component velocity prole, Z direction, 45% stenosis severity, phys-
iological ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 170
A.37 Z component velocity prole, Y direction, 45% stenosis severity, phys-
iological ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 171
A.38 Z component velocity prole, Z direction, 53% stenosis severity, phys-
iological ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 171
A.39 Z component velocity prole, Y direction, 53% stenosis severity, phys-
iological ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 172
A.40 Z component velocity prole, Z direction, 55% stenosis severity, phys-
iological ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 172
A.41 Z component velocity prole, Y direction, 55% stenosis severity, phys-
iological ow, diastolic phase. . . . . . . . . . . . . . . . . . . . . . 173
XIV
Summary
Blood ow through a narrow arterial tube has been a classical mathematical prob-
lem dating back to the 1840's, after the pioneer experimental work conducted by
Jean Louis Marie Poiseuille, Observations of blood ow, published in Ann. Sci.
Naturelles in 1836. However, numerical simulations on atherosclerosis only started
to thrive in the 1990's, due to rapid advancement in computer technology. Many
numerical models have been developed to study the behavior of blood ow through
a stenosed artery. There has been a steady progression in the complexity of models,
providing greater insight into dierent aspects of the biological process of atheroscle-
rosis development. Such a process is, otherwise, extremely dicult to investigate
experimentally. Some of the modeling complexities, with which this thesis is em-
ployed, are: (1) the pulsatile non-Newtonian blood ow condition with Casson uid
model describing the blood rheology; (2) the hyper-elastic artery wall governed by
a neo-Hookean model for the wall material property; (3) the two-way Fluid Struc-
tural Interaction (FSI) method providing more realistic simulations by concerning
not only the impact of the locally restricted uid ow on the artery wall, but also
the inuence of the wall deformation on the uid ow behavior; (4) a series of 3-D
axis-asymmetric stenosis models with the severity level ranging from 45% to 79%;
(5) plaque morphologies varying from an initial bi-elliptical cross section prole to
an elliptical and a growth-updated arbitrary prole during the course of a plaque
growth; (6) the plaque internal structure consisting of the diseased brous cap and
a lipid pool of various sizes for adopting their own physiological material properties;
(7) the use of physiological blood ow prole.
The transportation of Low Density Lipoprotein (LDL) enables lipids like choles-
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terol and triglycerides to be carried within the water-based bloodstream. Numerous
research papers have shown that LDL particles would adhere on the artery wall at
the locations where the local Wall Shear Stress (WSS) is too low to move them
further, resulting in localised regions with high LDL concentrations. Atherosclero-
sis tends to develop at regions where LDL accumulation is high and consistent. It
is well known in the medical community that high level of LDL is closely related
to myocardial infarction and/or stroke due to rupture of atherosclerotic plaques.
Some rupture would release highly concentrated lipids and thrombogenic material
into the bloodstream, leading to lethal blood clots that result in sudden cardiovas-
cular casualties. In order to explore the dominant phenomenological mechanism,
the thesis hypothesizes that LDL accumulation has the sole inuence on plaque
growth. Therefore, the main objective of the thesis is to investigate how LDL ac-
cumulation aects the plaque morphology during its growth, aiming to provide a
better understanding of atherosclerosis development.
Since LDL accumulation is directly linked to WSS disturbance of the blood
ow, the WSS and uid pressure are the primary concerns of the study. The rst
stage of the study is to validate the 3-D 45% axis-symmetric stenosis model with
plaque morphology of bi-elliptical cross section prole for the numerical accuracy.
In the second stage of the study, the model geometry is expanded to the 3-D axis-
asymmetric stenosis models with the same bi-elliptical morphology but two severity
levels of the mild 45% and the critical 78%, respectively. These models are solved by
applying the rst four modeling complexities listed above. The numerical results
show that the peak WSS is at the throat of the stenosis and the maximal WSS
occurs in the systolic phase and the minimal in the diastolic phase of the cardiac
cycle. The uid pressure behaves in a linear trend, with the exception at the stenosis
contraction, where a sudden pressure drop is observed.
The third stage of the study models the growth of atherosclerotic plaques.
The mild 45% axis-asymmetric stenosis model with the bi-elliptical cross-sectional
plaque morphology is used as the base model. By applying the hypothesis as the
rule of growth, the plaque morphology is updated to the non-elliptical arbitrar-
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ily shaped prole across the centre of the plaque in the direction of the ow and
elliptical proles at various cross-sections of the plaque that are perpendicular to
the ow direction. The updated plaque morphology is determined according to the
simulation results of WSS distribution in the vicinity of the previous plaque and
the relationship between the WSS and LDL accumulation derived from the liter-
ature. The growth-updated model is then used as the new geometry for the next
round of simulation. This process repeats until the stenosis severity is increased to
79%, which is 1% greater than the critical stenosis as reported in literature. The
numerical results of these growth-updated models presented and discussed in the
thesis are extensive, providing valuable insight into the plaque development.
The fourth stage of the study is to investigate the inuence of the lipid pool
size on the plaque growth and rupture. The size of the lipid pool and the stiness
of the brous cap are dierent in many cases of diseased arteries, which aect the
ow behavior. Considering these factors, the plaque geometry is further updated
to include a lipid pool of a small and a large sizes, respectively, along with dierent
material properties for the artery wall and brous cap. Results show that lipid
pool size plays a controlling role on stress levels within the stenosis. The plaque
with a larger lipid pool is shown to have much higher stress within its brous
cap, dramatically increasing the likelihood of plaque rupture. Altering the material
properties of the artery wall would result in excessive stress levels within the brous
cap, which leads to possible plaque rupture.
The nal stage of the study compares plaque growth modeling between a sinu-
soidal pulsatile blood ow prole against a physiological blood ow prole. Results
indicate that more horizontal growth is evident when a physiological blood ow
prole is applied at the inlet boundary. The amount of the vertical growth result-
ing from the sinusoidal and physiological ow proles show no major dierences.
These results further contribute to the current understanding of plaque growth and
rupture.
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Chapter 1
Introduction
1.1 Background
Atherosclerosis is a medical terminology meaning artery hardening. It is resulted
by the presence of fatty deposits building up inside the artery, thickening the artery
wall and narrowing the passageway for blood ow. Atherosclerosis occurring in
dierent areas of the body has dierent eects. In the brain, atherosclerosis would
cause thrombus, meaning oxygen is being cut o from the brain, leading to brain
damage and stroke. In the aorta, plaque build up would cause artery wall rup-
ture from the ballooning to the artery wall. Atherosclerosis in legs would decrease
blood circulation, and in serious cases, amputations may be the only option to
save the lives. Thrombosis would occur in coronary arteries, causing heart attack.
Atherosclerosis is, infact, the main contributor to myocardial and cerebral infarc-
tions, which had been linked to 50% of all fatality across USA, Europe and Japan
in 1990's [51]. According to the fact sheet No317 of the World Health Organiza-
tion (WHO), released in March 2013, Cardio Vascular diseases, mainly from heart
disease and stroke, are the rst leading cause of death globally; and the number
of death will reach 23.3 million by year 2030. There is currently no medication
or drugs to cure atherosclerosis, as the exact causes are unknown. Some surgical
methods including Balloon Angioplasty, Laser Angioplasty, Arthrectomy and By-
pass operation may ease the symptom. Balloon Angioplasty involves a small hollow
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Figure 1.1: The makeup of a human artery [49].
tube with a balloon attached to the end of the tube being inserted into the artery
and expanded at the stenosis to enlarge the passageway and improve blood ow.
A ne mesh is also released onto the artery wall to hold the plaque in place. Laser
Angioplasty involves removing plague from the vessel wall at the time of surgery,
the plaque is removed by the laser attached to a tube. Bypass operation requires
insertion of new artery to replace portions of artery which is diseased.
Though the progression of atherosclerosis is still unclear, the common factors
contributing to the disease have been identied. They are family history (relating
to the DNA make-up), hypertension, diabetes, excess weight and high cholesterol
levels. Among these factors, the high cholesterol level is closely associated with the
high level of low density lipoprotein (LDL) in the blood stream. It was hypothesized
that the accumulation of the LDL particles was a primary cause of the disease [78].
Evolving from the widely accepted hypothesis, Purves et al. [49] illustrated the
development of atherosclerosis from the rst sign of the disease to the nal stage of
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Figure 1.2: The rst sign of atherosclerosis, courtesy of Purves et al. [49].
a severe stenosis, as shown in Figures 1.1 - 1.4. Figure 1.1 describes the basic make-
up of a normal human artery. Figure 1.2 shows the beginning of atherosclerosis - the
the inner layer of the artery, endothelium, is broken due to various reasons, including
hypertension, diabetes and/or DNA make-up, etc, of the patient, becoming a lesion
prone site. The LDLs enter into the artery wall through the broken endothelium site.
The platelets in the blood stream stick to the damaged tissue, providing a favorable
environment for trapping more LDLs into the wall. As shown in Figure 1.3, the
accumulation of the oxidized LDL in the artery wall triggers a complex sequence of
biochemical events and the immune responses, which results in artery inammation
and localized proliferation of endothelium - a plaque forms.
The plaque is the collection of white blood cells, especially macrophages that
have taken up oxidized LDL. When these cells die, their contents are released, which
attract more macrophages and create an extracellular lipid core near the centre to
inner surface of the atherosclerotic plaque. Conversely, the outer, older portions of
the plaque become more calcic, less metabolically active and more physically sti
over time, resulting a brous cap that acts as a protective shield for the underlying
lipid core. The plaque size shown in Figure 1.3 represents a mild stenosis. This
process continues, eventually a severe stenosis would form, as shown in Figure 1.4,
where the plaque blocks most of the artery and restricts the blood ow.
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Figure 1.3: Mild Stenosis, courtesy of Purves et al. [49].
Figure 1.4: Severe Stenosis, courtesy of Purves et al. [49].
4
At the severe stage of a stenosis, the atherosclerotic plaque may rupture or the
artery wall may be severely weakened. At the event of plaque rupture, a large
quantity of thrombogenic cells and lipid would be suddenly released into the blood
stream, forming deadly blood cloths that could result in myocardial infarction or
stroke. On the other hand, a severely weakened artery wall could lead to a bulge in
the wall called an aneurysm. Aneurysms can break open the artery, causing severe
bleeding that can be life threatening.
The experimental study of the progression of atherosclerosis described above is
extremely dicult to conduct. This is due to the complexity of the interactions be-
tween blood ow and an artery wall. This is impossible to setup as an experimental
rig that is physiologically sound and able to observe plaque build up in the stenosis
region directly. Furthermore, this type of experiment would also be very challenging
to perform on human beings due to ethical concerns. Numerical methods have been
employed as the alternative means to investigate the progression through simulating
the blood ow behavior and its eect on the coronary artery diseases. Since the
1990's, with rapid advancements in computer technology, CFD modeling became
popular as it is time ecient, cost eective and non-invasive compared to experi-
mental studies. More recently, the numerical simulation software development such
as the uid-structure interaction (FSI) method has given researchers the ability to
perform more realistic simulations by capturing both the blood ow behavior using
the nite volume method (FVM code), the artery deformation behavior using the
nite element method (FEM code) and the interactions between them. With ad-
vanced computational codes, the proper use of FSI simulation technique would be
able to model these physiological progression events in a more close to the nature
way, and to achieve these objectives in a non-invasive and cost eective manner.
The use of FSI simulation technique would also enable the incorporation of plaque
growth modeling as the stenosis severity increases. This would greatly enhance the
physiological aspect of the stenosis topology and provide more accurate data for
plaque rupture analysis.
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1.2 Objectives of the project
This thesis is to study the plaque growth of an arterial stenosis due to LDL accu-
mulation using numerical simulations. The uid and solid behaviors of a diseased
artery with various stenosis severities are investigated via the two-way FSI method.
Based on the numerical results of the FSI simulation started from a mild 45% sever-
ity stenosis model, the plaque growth modeling is performed. The plaque morphol-
ogy is updated after each cycle of simulation. The results of the growth-updated
models are analyzed to determine the risk of plaque rupture.
The rst stage of this thesis is to ensure the accuracy of the stenosis model with
the plaque morphology of a bi-elliptical cross section prole. An axis-symmetric
3-D 45% stenosis model is constructed as the initial model to the two-way FSI
simulation. The results of the 45% model is compared and validated with the
literature to ensure the computational domain and mesh quality are numerically
adequate, and the model settings used in this thesis physically correct.
The second stage of this thesis is to investigate the impact of ow behavior on
artery walls with axis-asymmetric stenosis models. Comparisons are made between
two stenosis severities: 45% and 78% and material properties. In particular, the
uid velocity near the artery walls, uid pressure and wall shear stress (WSS)
are examined to study the eects of the stenosis severity on both artery and ow
behaviors. These results also indicate that the use of elliptical stenosis shapes may
aect the accuracy of simulation data from severe stenosis severity models.
The third stage, which is also the main focus of this thesis, is to study plaque
growth due to LDL accumulation on the artery wall. This thesis puts forward the
hypothesis that LDL accumulation on artery wall is the sole contribution to the
plaque development. Starting from the 3-D axis-asymmetric 45% severity steno-
sis model as the base geometry, the thesis models plaque growth by utilizing the
numerical results obtained from a series of two-way FSI simulations. Results are
compared with the non-growth stenosis models simulated in Stage Two to identify
the dierences in ow and solid behaviors, which in turn highlights the necessity
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for plaque growth modeling when performing blood ow simulations.
The fourth stage of the thesis is to study the inuence of the lipid pool size
on the plaque growth and rupture. In many cases of atherosclerosis, the lipid pool
size and the stenosis stiness would vary. Therefore, the stenosis models including
plaque growth is further updated to include varying sizes of lipid pools along with
varying material properties of the artery wall. Von Mises stress distribution inside
of the brous cap of a plaque is analyzed, in order to identify the region where
plaque rupture is most likely to occur.
The nal stage of this research is to examine the impact of blood ow proles
on plaque growth modeling. Two dierent blood ow proles are adopted: the
sinusoidal pulsatile prole [45] and the physiological prole [32]. Plaque growth
modeling results are compared between the two ow proles to analyze the changes
on ow behavior and stenosis morphology.
1.3 Thesis outline
Chapter 1 presents a brief background on atherosclerosis, the objectives and the
structure of the thesis.
Chapter 2 consists of a literature review of current research in the related
elds. Articles from 1980 till present are discussed. Topics include Newtonian/non-
Newtonian ows, FSI, tapering artery, symmetric/asymmetric stenosis, modeling
based on MRI data and plaque growth modeling.
Chapter 3 presents the initial model geometries used in this research, the model
conditions and key model parameters are provided. The methodology of plaque
growth developed in this thesis and how it is used to determine the evolution of
plaque geometry with respect to the increase of the stenosis severity is discussed.
Governing equations and discretization procedures are also outlined.
Chapter 4 presents the model validation of this research, the presentation is
carried out in three sections: model settings, mesh independence and ow repeata-
bility.
7
Chapter 5 presents the results and discussions of mild and severe stenoses are
presented. The importance of using multi-material stenosis model and the necessity
to incorporate plaque growth modeling is highlighted.
Chapter 6 presents the results and discussions of plaque growth-updated steno-
sis models are presented. The aim to approximate the evolution of the stenosis
morphology is satised, major dierences in ow behavior comparing to uniform
stenosis models are evident. The results and discussions of stress within the brous
cap is presented. The aim to determine high risk area within the brous cap is
achieved.
Chapter 7 presents the results and discussions of plaque growth modeling using
the physiological ow prole. The objective is to investigate dierences between the
two blood ow proles, variations in plaque topology evolution and ow behavior
are discussed.
Chapter 8 provides conclusions on the research presented in this thesis. A sum-
mary of the changes in uid and solid behaviors across all stenosis models is given
to highlight the original contributions of this research to the knowledge in the eld
of bio-mathematical study. The recommendations for further study are discussed.
Following the conclusions is a glossary containing the relevant terms for the
convenience of the readers. This is then followed by the appendix, that contains
supplementary results which is not featured in the main chapters of this thesis.
8
Chapter 2
Literature review
2.1 Introduction
Atherosclerosis is a broad area of study, a huge amount of research is committed
to this eld every year. This thesis focuses mainly on the numerical simulation
of atherosclerosis, thus, only the papers in the numerical simulation aspect are
reviewed and categorized in this chapter. These categories include: two-dimensional
(2-D) blood ow modeling, blood ow modeling using uid-structural interaction
(FSI) in various arteries, blood ow modeling using Magnetic Resonance Imaging
(MRI) data and plaque growth simulations in stenosed arteries in both two and
three-dimensional (3-D) models.
2.2 2-D blood ow modeling
Though mathematical modeling of blood ow through a narrow arterial tube has
been a classical problem dating back to the 1840's since the pioneer experimen-
tal work conducted by Jean Louis Marie Poiseuille [48], numerical simulations on
atherosclerosis only started to thrive in the 1990's due to the rapid development of
computer technology. In the early simulations, 2-D cylindrical tubes of a constant
cross-section were commonly used to represent the blood vessels. Chakravarty and
Mandal [7] argued that the general assumption of the constant cross-section of cylin-
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drical tubes as blood vessels was inaccurate as blood vessels frequently bifurcate
with constant changes in the cross-sectional area. Consequently, they investigated a
2-D nonlinear blood ow through tapering arteries with stenosis in 1999. Pulsatile
pressure gradient, Newtonian ow, elastic wall exibility and the time dependent
geometry were constructed to improve resemblance to the in-vivo situation. Other
issues, including the eects of vessel tapering, severity of stenosis, wall motion and
nonlinearity of the ow characteristics were also discussed. Several angles were used
in their simulations:  = 0 (non-tapering),  > 0 (converging tapering) and  < 0
(diverging tapering). Axial velocity was calculated at the stenotic region during
the systolic phase. Results indicated that a converging tapering artery's axial ve-
locity prole decreased more linearly (from the center of the artery to the artery
wall) across the artery when compared to a non-tapering artery, which attained a
more parabolic axial velocity prole. For a diverging tapering artery, a higher axial
velocity at the centerline was evident comparing to the converging tapering artery,
due to the widening of the artery. Axial velocity at dierent stages of a cardiac
cycle was also investigated. For time t 2 [0:1; 0:5][s], the axial velocity across the
artery appeared to decrease as t increased. When t = 0:7[s], an increase in ax-
ial velocity prole was observed due to the pulsatile ow condition of the heart.
They also noted that the amount of axial velocity reduction in the systolic phase
(t 2 [0:1   0:3][s]) was almost identical to the amount of axial velocity increase
in the diastolic phase (t 2 [0:5; 0:7][s]). WSS results showed the maximum value
at the stenotic region, where the artery was most constricted. The WSS sharply
increased at the beginning of the stenosis, was then followed by a sharp decrease at
the end of the constriction. Though Chakravarty and Mandal believed that time
independency should be considered, as the stenosis shape would change with time
in reality, their stenotic models only included the time independency eect for rigid
wall arteries and not for the exible ones.
In 2004, Mandal extended the above study for determining the appropriate
blood ow model and validation of the results [36]. He incorporated the use of non-
Newtonian blood ow and stated that vascular uid dynamics was very important in
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the development of arterial sclerosis. Mandal believed that once a light stenosis was
formed, the ow would further inuence the development of the stenosis. Physio-
logical ow was used to investigate the eects of vessel tapering, severity of stenosis,
wall deformation, steeper stenosis, non-Newtonian behavior and nonlinearity. Ax-
ial velocity across the artery showed similar trends when compared to his previous
research [7]. Constant cross-sectional arteries showed more parabolic axial velocity
proles across the artery when compared to converging tapering arteries. Radial ve-
locity results also agreed with his previous research as back ow and ow separation
was evident near the wall and during the diastolic phase (t 2 [0:45 0:7][s]). In the
post stenotic region for a converging artery, the axial velocity across the artery was
always negative. The opposite was shown when dealing with the diverging artery.
Mandal's research only involved mild severity levels of stenosis. Ismail et al.
considered an overlapping tapered stenosed artery in 2007 [21]. Results were pre-
sented for both Newtonian and non-Newtonian (the power law uid model) blood
ows. Their axial velocity results across the artery showed the Newtonian model
producing much higher axial velocity than the non-Newtonian uid model. Axial
velocity at four dierent times reected a good agreement with Mandal's ndings
[7], the axial velocity prole behaved like a pulsatile pressure gradient produced by
a heart. Converging artery showed the largest values, this meant more blood ow
in diverging arteries due to less resistance. Diverging arteries gave the highest WSS
value when compared to converging and constant cross-sectional arteries. All WSS
values were higher in Newtonian models than the non-Newtonian ones.
Mandal et al. investigated the eect of body acceleration in a stenosed artery
[37]. A 2-D laminar pulsatile blood ow through an axis-symmetric stenosed artery
was simulated with the generalized power law model for the blood and the elastic
wall for the artery. The uid velocity along the axial direction had its peak value at
the center of the artery, then slowly decreased as the position moved away from the
centerline on a radial plane and reached zero on the wall. The velocity along the
radial direction at dierent axial locations all showed increases from zero velocity
at the centreline to dierent positive values, when approached the wall. This was
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directly related to the eects of the wall motion. When the wall was set to be
rigid; the velocity in radial direction approached zero on the artery wall. WSS
values were examined with the varying pressure gradients. Results showed that an
increase in pressure gradient had a positive eect on the amplitude of the WSS
prole. Increased pressure gradient diminished negative WSS values, reducing the
possibility of ow separation.
Li et al. investigated three dierent degrees of stenosis (30%, 50%, 70%) using
physiological pulsatile ow conditions for laminar and turbulent ows [32]. The
k   ! turbulence model and a second order upwind time dierence scheme were
applied for the turbulence ow model. The stress results in the healthy part of the
artery conrmed well with the data previously published in literature [30]. Pressure
drop along the axial direction showed signicant decrease during the systolic phase.
The decrease became greater as the stenosis severity increased. Peak velocities
were 1.47, 2.3, 3.2[m s 1] for 30%, 50% and 70% stenosis severity models, compared
to 0.78[m s 1] for healthy arteries. The maximum WSS values were 40, 110 and
220[Pa]. When comparing laminar and turbulent models, the 30% stenosis severity
model showed similar results. The remaining models showed recirculation zones
for the turbulent model. Li et al. [32] chose a localized stiness factor of four
to represent the diseased part of the artery in their model, meaning the stiness
of the stenosis region used was four times higher than the rest of the artery wall.
Dierent physiological ow proles were also applied for the 30%, 50%, and 70%
stenosis severity models.
Canic et al. simulated a 2-D blood ow with experimental validation [5]. In
their study, blood was considered as incompressible and Newtonian. The artery
walls were set as compliant, taking deformation of the artery wall into account.
Results over one cardiac cycle showed a sharp increase of pressure at the start
of the cardiac cycle, this trend reached its maxima around the second quarter of
the cardiac cycle. Pressure then gradually decreased towards the end of the cardiac
cycle, where the minima was evident. Axial velocity showed periodic characteristics
throughout the cardiac cycle. Peak axial velocities were located at the 25% and 75%
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mark of the cardiac cycle, while minima velocities were seen at the start, halfway
and the end of the cardiac cycle. Their experimental work was conducted on a mock
circulatory system. Ultrasonic imaging and Doppler methods were used to obtain
the axial velocity data. The comparison between experimental data and numerical
results showed a reasonable match for pressure and an excellent agreement for the
axial velocity prole.
Ishikawa et al. studied the eect of non-Newtonian property in blood through
an axis-symmetric stenosed artery under a periodic ow condition [20]. Although
Bingham uid model was generally accepted as a constitutive equation for blood,
the bi-viscosity model was used in their study due to the diculty in achieving a
solution on the Bingham model; as the shear rate fell to zero discontinuously when
the shear stress was below the yield stress. Sinusoidal ow was applied at the inlet,
along with the no slip condition on walls. WSS values varied the most at the stenotic
area, wall pressure varied the most in the post stenotic region. It was observed that
when the Stokes number was 10, vortices would not ow away from the stenosis. At
higher Stokes number ows, vortices were pushed into the post stenotic region with
approximately constant speed. Their results also suggested that the non-Newtonian
eect made the vortices to decrease in size, this was due to the increased viscosity
that created a stable plug region in the low shear-rate zone. It was concluded that
non-Newtonian ow was more stable than Newtonian ow, especially in low Stokes
number ows and stagnant areas with low Reynolds number. When Stokes number
reached 250, a new vortex was formed in the downstream zone.
Zendebudi and Moayeri studied pulsatile ows through a rigid vessel [83]. Their
study assumed the vessel to be rigid. The ows were compared at three points: the
initial zero, peak forward and peak backward ow rates. Their results showed that
a ow separation in the simple ow was longer, while streamlines showed a smaller
vortex for the physiological ow. The time averaged WSS values showed pulsatile
ow had a larger variation when compared to the physiological ow.
Sankar and Hemalatha presented a study using the Herschel-Bulkley uid model
for ow through stenosed arteries [53]. The stenosis was considered axis-symmetric,
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with mild stenosis severity. Flow was assumed laminar and pulsatile. The artery
wall was set as rigid. The perturbation method was then used to solve this problem.
Results showed pressure gradient for Herschel-Bulkley uid was higher than for a
Newtonian uid, and the pressure gradient increased with yield stress. When the
radius decreased, the plug core decreased, greatest velocity was found in Newto-
nian model, then Casson and nally Herschel-Bulkley uid model. Maximum WSS
occurred at the middle of the stenosis, which had a direct relationship with yield
stress.
Buchanan et al. also studied the rheological eects of blood models in a stenosed
artery [25]. Three blood models were used: Newtonian, power law and Quemada,
along with three Womersley numbers (4.0, 7.5 and 12.5) for a sinusoidal ow. The
axis-symmetric stenosis severity was set at 75%, blood ow was considered laminar.
The highest Womersley number model showed a secondary vortex forming behind
the primary vortex, shear thinning blood models aected the ow parameters such
as WSS, while non-Newtonian models aected the uid entrainment measurably
(post stenotic ow distortion).
The above papers gave a reasonable description of the blood ow behavior
through stenosed arteries in simplied 2-D models. However, 2-D geometries are
only restricted to axis-symmetric stenosis, thus, they are inadequate in represent-
ing majority of the stenosed arteries. The stenosis shape is an important factor
that aects uid ow behavior. In real life situations, stenosis are usually of axis-
asymmetric, with the diseased side of the artery wall under much more stress than
the healthy side [1]. Moreover, the assumption of Newtonian blood ow may lead
to inaccurate results. Blood only exhibits Newtonian behavior when the shear rate
is above 100[s 1], thus, it is only safe to assume it as the Newtonian ow in large
arteries of the human circulatory system. This thesis is focused on blood ow in
small arteries; thus, 3-D models with axis-asymmetric stenosis along with the use of
non-Newtonian uid models are necessary, in order to achieve more realistic results.
The adjustment on the stiness of the stenosis region and the use of physiological
ow made by Li et al. [32] is appropriate, thus, is adopted in this research.
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2.3 Blood ow modeling using Fluid-Structure
Interaction
With rapid developments in computing technology, simulations of blood ow using
commercial software packages have become more popular in recent years, together
with increased numbers of studies engaging the uid-structure interaction (FSI)
algorithm. The FSI method enables more realistic simulations of blood ow in a
stenosed artery as it takes into account the interactions between the blood ow
behavior and artery wall deformations. In this section, FSI studies on blood ow
applications are discussed.
2.3.1 Abdominal Aortic Aneurysm studies
Di Martino et al. [38] performed a three-dimensional (3-D) FSI simulation for an
Abdominal Aortic Aneurysm (AAA) to assess the risk of rupture. The presence
of AAA is when the abdominal aortic artery that supplies blood to the abdomen
and legs experiences a dilation in its diameter. Their study included simulations of
blood ow and wall dynamics through an AAA model created from CT scans. Fluid
was assumed Newtonian, the wall had a Young's modulus of 2.7[MPa] with Poisson
coecient of 0.45. Results showed velocity being nearly zero at the inner wall and
reached its peak at the center of the aneurysm, the peak velocity remained longer
during the systolic phase. The stress results showed that thicker the thrombus layer,
the smaller the Von Mises stress magnitude was.
A time dependent FSI analysis of blood ow was conducted by Scotti et al.
[55]. The wall material was taken from the study of Di Martino et al. [38]. Blood
was assumed to be incompressible, Newtonian and homogenous. The FSI method
was compared to Computational Solid Stress (CSS) method when obtaining wall
stresses. In their CSS method the uid ow was not considered, but the eect
was assumed by implementing a spatially-uniform pressure function onto the artery
wall. Results indicated the asymmetric stenosis contained a stronger recirculation
zone when compared to symmetric stenosis. The vortices also traveled upstream
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towards the proximal side. The vortices remained in the middle to distal end for the
symmetric model. They also noticed that vortices dissipated faster when the walls
had less curvature. When comparing the magnitude of WSS, they found that the
stenosed symmetric model had 14% lower value than its corresponding asymmetric
model. The location of the maximum WSS also changed due to wall deformation.
Variable wall (VW) thickness models were also compared with uniform wall (UW)
models. For a symmetric stenosis, the ow was mostly attached for the UW model,
while the VW model showed vortices at the distal end. There were also more ow
reversals; due to larger compliance and deformation of the thinner wall. In general,
they found that the UW model underestimated the maximum WSS by 77% when
compared with VW model.
Asymmetric AAA was investigated by Li and Kleinstreuer [35], they noted that
Di Martino et al. [38] only used simple aneurysm models. A more realistic approach
had been developed in their study. Dierent stenosis severity, neck angle and bi-
furcation angle were also applied. Blood was assumed to be laminar, pulsatile and
non-Newtonian. Walls were assumed smooth, elastic and varying in thickness. The
Quemada uid model was used to model blood. Bifurcation angles were set as 55,
90, 120 degrees and neck angle as 12, 25 and 45 degrees. Three types of models were
simulated: axis-symmetric, anterior-posterior asymmetric and lateral asymmetric.
Three distinct time levels were chosen for analysis: t
T
= 0:2; max inow, t
T
= 0:27;
maximum pressure and t
T
= 0:4; maximum reverse ow, where T was the period
and set as 1.2 seconds. Several ndings were noted from their FSI analysis. The
neck angle had a signicant inuence on ow pattern. High stress values in the
artery wall along with strong vortices were found when the neck angle increased.
Bifurcation angles had less eect on ow pattern, while an increase in bifurcation
angle produced higher maximum wall stress. Lastly, they also concluded that the
use of symmetric AAA models would under-estimate wall stress levels, therefore,
provide an inaccurate assessment of wall rupture in AAA.
A multi-physics growth model with FSI was presented by Yang, Tang and Liu
[82]. The abdominal model was used to simulate blood ow and intimal hyperplasia
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(the thickening of the intima in an artery). The stenosis was of axis-symmetric
form, ow was assumed to be laminar, Newtonian, viscous and incompressible. The
wall was assumed to be isotropic, elastic and homogenous. Results for steady ow
engineered and non-engineered grafts showed a ow rate of 20[m min 1]. The non-
engineered graft expanded around 50% radially, while the engineered graft expanded
around 6%. The connecting region was also under the maximum stress for inner
wall and the minimum for outer wall. Intimal hyperplasia took a long time to grow
and was closely related to eddy ow, back ow and negative shear stress at the
wall. Results showed intimal hyperplasia was not just related to low shear stress,
but also strongly related to low oscillating shear stress.
The above studies provided a detailed analysis of AAA modeling. The assump-
tion of blood as a Newtonian uid is widely accepted here. This assumption is
appropriate as the AAA arteries are considered as large arteries. The common
nding in these literature showed that symmetric stenosis underestimated WSS re-
sults when compared to an asymmetric stenosis. This nding is valuable and thus
adopted in this thesis. Furthermore, the nding of one of these papers [82] showed
the relationship between plaque growth and ow recirculation. This phenomenon
is further studied in this thesis. However, the AAA geometry parameters and New-
tonian ow are not considered as the focus of this thesis is on smaller arteries such
as the carotid artery.
2.3.2 Aorta model studies
A 2-D model of the an aortic leaet was studied by De Hart et al. [18]. The ow was
pulsatile, uid was considered laminar, incompressible, isothermal and Newtonian.
The leaet was assumed to be isotropic and linear elastic. As velocity decreased,
pressure in the leaet exceeded the pressure in the sinus; which created a vortex at
the tip of the leaet, moving towards the center of the sinus cavity. When ow was
at its minimum and the leaet at its lowest position, a second vortex was formed
at the distal bottom wall, followed by a smaller vortex at the distal top wall. The
vortices disappeared when the ow accelerated at the beginning of the next cycle.
17
De Hart et al. also studied a 3-D model of the aortic valve [19]. Fluid and solid
properties remained consistent to their previous work [18]. Results showed when the
valve was open, tensile stress was stronger in the middle of the leaet than the aortic
side. Compressive stresses were found on the ventricular side, this was due to the
high curvature in the symmetry plane. When the valve was closing, large stress was
found in the mid-section of the leaet, compressive stress was found on the vertical
side and tensile stresses were found on the aortic side. When the phase ended and
the valves were closed, stress increased rapidly. During the acceleration phase, a
positive ow was shown at all points. When the valves were fully opened, the ow
was more central and little ow shown in the sinus cavity. During the deceleration
phase, recirculation occurred at the leaet's free edge, a vortex was also seen in the
sinus cavity. Their study was based on systolic phase, to investigate the importance
of systolic functioning on the valve's long term performance, while majority of past
research had been based on the diastolic phase.
Xia et al. developed a unique 3-D FSI solver using a second order accurate
immersed membrane method [79]. This method enforced continuity between uid
and solid parts via extrapolations from both domains by using ghost nodes. The
heart valve was modeled, the opening phase of the heart valve occurred at t 2
[0; 0:14][s]. Results indicated the moment generated by the uid dominated the
moment generated by stress. Their results observed a sudden gain in momentum at
t 2 [0:06; 0:07][s], the total non-dimensional moment increased steeply from there
onwards until 0.094[s]. The leaets in the valve were fully opened at 0.12[s], until
0.14[s]. The closing phase showed a similar trend. The total moment being zero
from 0.14 to 0.18[s], due to minimal pressure dierence, then followed by a steep
rise of moment during t 2 [0:18; 0:29][s]. The cycle ended at t =0.325[s], in which
all moment was removed.
Crosetto et al. developed their own codes and simulated 3-D FSI aortic models
[12]. 3-D medical images were used for constructing lumen geometry, however, the
wall thickness was modeled as a constant by adopting some past literature data. The
uid domain was described as a Newtonian uid, the wall material being linearly
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elastic. The results were compared with previous rigid wall simulations, and found
a good agreement in terms of WSS, velocity and pressure.
Gao et al. simulated a layered aortic arch model using FSI [17]. Their paper
also included an investigation into the behavior of wall stress on various layers of
the aorta wall. A single and triple layered aorta model was used. The triple layered
artery had ratio of intima/media/adventia as 12/56/31. Results showed high WSS
locations on the side walls of the arch and outer wall at the distal end. Low WSS
locations were at the outer wall of the ascending arch, inner wall of arch and outer
wall of the top of arch. Deformation was most noticeable at the mid descending
portion, where the artery became elliptical. Stress distribution showed continuous
distribution for the one layered model and discontinuous distribution between layers
for the triple layer model. For the one layer model, circumferential stress was high
at the ascending entrance. Longitudinal stress was high at the entrance of ascending
portion, mid arch and distal of descending. Radial stress was high at mid ascending
and descending portions. Shear stress was oscillatory distributed at the arch and
similar in the ascending and descending portion. Three layered model produced
similar results, with stresses in the media were the highest. Circumferential stress
between layers showed the jump between intima and media was higher than that
between media and adventia in the ascending portion, and lower in the descending
portion.
Yang et al. [81] presented work on blood ow in right ventricle models and patch
models to investigate the possibility of computer aided surgeries in the future. MRI
data was used to construct the 3-D models, left ventricles were also included to
provide a more realistic simulation environment. Material properties for the artery
wall and artery patchwork were modeled by the Mooney-Rivlin model [42, 50].
Computational results showed a very good matching with provided data, suggesting
the possibility of using FSI simulations to aid surgical planning and enhance aortic
recovery. Cheng and Zhang [10] studied the possibility of using Immersed Boundary
(IB) and Lattice Boltzmann (LB) on heart ow simulation. The advantages of
using the IB-LB coupling scheme was to solve blood ow problems containing large
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pressure gradient and exible boundaries. This scheme was tested via FSI on a
simple geometry, results agreed well with measured data.
A turbulent blood ow in aortic aneurysm was investigated by Khanafer, Bull
and Berguer [26]. They argued that although previous studies such as [38] and [55]
had used laminar ow condition, ow might have been turbulent for a fraction of the
cycle due to some suggestions in literature [16, 2]. Blood was assumed Newtonian
and stenosis was set as axis-asymmetric. In-vivo velocity and pressure waveform
were used for the inlet. Their simulation results showed maximum deformation at
t =0.46[s], this was just after the peak systolic ow. Streamlines were compared
between exible and rigid wall models, the rigid wall model showed a large vortex at
the proximal end while elastic model showed a small vortex in the same area. Peak
wall stress did not occur at peak systolic ow or at peak luminal pressure, due to
phase delay between ow and pressure. They concluded that FSI exible wall model
would provide more accurate results. This was the rst study that used turbulent
ow simulations within compliant artery walls. The paper contained several in-vivo
model properties which provided a good approximation to ow and wall behaviors.
One limitation in their model was that the wall thickness was set to be a constant
of 1.5[mm] due to CT limitations.
The common feature of the above studies showed the importance of modeling
a exible artery wall using FSI method. The ndings in De Hart et al.'s studies
[18, 19] showed that the ow behavior during the systolic phase of the cardiac cycle
was as important as that during the diastolic phase. The concept of using a multi-
layer material artery wall proposed by Gao et al. [17] was a good contribution to the
FSI modeling. All these features are adopted in this thesis. The modeling results
of this thesis are presented and analyzed at both systolic and diastolic phases of
the cardiac cycle.
2.3.3 Carotid artery studies
Lee and Xu investigated ow and wall behavior in a mildly stenosed artery [30].
A 45% stenosis severity and sinusoidal ow were used. Stress in artery wall was
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found to be a contributing factor to plaque rapture, the artery wall consisted of three
layers: hyper-elastic, viscoelastic and anisotropic. Three models were chosen in their
study: rigid model, wall mechanics model with static and uniform pressure loading
and compliant model with pulsatile Newtonian ow. The wall and plaque properties
were isotropic and linearly elastic. Their results showed a reasonable agreement
with experimental results reported by Ohja et al. [45]. Flow separation was evident
in the post stenotic region, and it became thicker and longer in the compliant
model. To further enhance the results of their study, Lee and Xu suggested that a
non-Newtonian uid model should be considered at the throat of the stenosis and
applying a physiological ow would provide more realistic results.
Tang et al. studied FSI for thin-wall carotid arteries with symmetric and asym-
metric stenosis [65]. They investigated the eects of stenosis severity, pressure, wall
deformation, velocity and shear stress, using FSI on a 3-D geometry. The elastic
properties were determined experimentally, other parameters were taken according
to human blood ow in carotid arteries to achieve physiological conditions. No-slip
wall was assumed for the uid model; blood was considered as Newtonian; and
the artery wall to be hyper-elastic. The material for the wall was set as Ogden
[44]. Results showed that for the 50% axis-symmetric case, maximum axial velocity
reached 538.5[cm s 1] with no ow separation. For the 78% case, maximum velocity
reached 597[cm s 1], They found that high severity stenoses increased ow resis-
tance which forced an increase in blood pressure. A narrowed vessel would cause
high velocity, shear stress, ow separation and even wall collapse. In severe cases of
atherosclerosis (78%), the artery would experience negative pressure which led to
wall compression and collapse. Results indicated that the maximum shear stress oc-
curred at the throat of the stenosis. Severities greater than 80% were not considered
because the artery became too blocked. For asymmetric stenosis, severity less than
50% had little ow separation. Severity of 78% showed changes in the ow pattern
as ow changed directions prior to the stenosis region. It was concluded by point-
ing out that severer stenosis resulted lower maximum velocity and the asymmetry
decreased the minimum pressure by around 30%. Shear stress was the highest at
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the 0 degree line, with negative pressure and maximum shear stress varying by
30% and 50% respectively. Pressure results showed more wall compression for the
asymmetric case. Shear stress results showed a 50% increase when compared with
the symmetric case. This was because ow changed more when it passed through
an axis-asymmetric stenosis than a symmetric one.
Tang et al. also studied a 3-D thick wall model with FSI interactions in carotid
arteries [62]. Stenosis severities and uid properties used in their 3-D thin wall
artery ow modeling [65] were adopted. Results indicated a similar pressure pattern
to the thin wall model but wall deformation was dierent due to the thicker wall.
For the 78% stenosis case, maximum stress occurred at the beginning of stenoses;
only slightly higher than the 50% case. Minimum stress was at the middle of the
stenoses on the outer wall, the negative pressure indicated that a compression was
evident. Maximum shear stress was found to be at the throat of the stenosis.
The stenosis asymmetry caused drastic pressure and shear stress dierences when
comparing to the symmetric stenosis model. The asymmetric stenosis case showed a
50% increase in shear stress and a 30% increase in negative minimum pressure. For
the asymmetric model, maximum wall stress occurred at the start of the stenosis,
minimum stress was shown at the throat of the stenosis. When comparing maximum
stress between 78% and 50% case, the dierence in maximum values was about 5%
while dierence in minimum values was doubled. This led to the conclusion that
highly stenosed arteries produced larger wall compression. The stenosis severity also
had an important role. When comparing results for the 78% stenosis severity model
and the 50% model, the maximum shear stress was doubled for the 78% stenosis
severity model. Minimum pressure was 30% lower than the symmetric case. The
maximum shear stress along 180 line was 75% higher than the 90 line. Results
again showed that severe stenosis would lead to artery collapse and plaque rupture.
Further research on the thick wall model with soft stenosis was recommended to
gain more insight into the reason resulting plaque cap rupture.
Tang et al. further simulated unsteady blood ow in stenotic carotid arter-
ies [63]. The wall material properties were determined via an experiment model
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(Polyvinyl alcohol hydrogel artery stenosis model). Results showed cyclic pressure
changes at the throat of the stenosis, for extreme stenosis severities. WSS also
changed direction in the post stenotic region, which would lead to plaque rupture.
Tang et al. investigated cyclic artery compression using a 3-D axis-symmetric
stenosis model [67]. A 3-D thin wall model was simulated using FSI to study
unsteady Newtonian ow and cyclic wall collapse. Flow velocity, pressure, WSS,
cyclic wall bending and compression were investigated. The simulation started with
zero pressure and ow. Tube law with thin shell model was used to determine the
wall motion. Their results showed that the stenosis severity along with pressure
level had a direct inuence on wall compression. Since a high WSS along with
stenosis severity would cause plaque rupture, thick wall models were suggested for
more accurate analysis of wall rupture.
Tang et al. continued their investigation, studying the eect of stenosis asym-
metry on blood ow and arterial compression using FSI [64]. A 3-D non-linear
thick wall model with 70% stenosis severity was used. Axial stretch of 36.5% was
applied because arteries shrunk around 30% - 50% in non in-vivo conditions. Re-
sults showed that an increase in eccentricity increased the compressive stress, varied
ow separation and shear stress distribution. Wall thickness also changed, which
made the thinner side more vulnerable to collapse. Higher eccentricity led to higher
buckling pressure.
Mojra et al. investigated blood ow through human carotid arteries with dif-
ferent stenotic heights of an asymmetric form [41]. Arterial wall was considered
elastic, uid was assumed to be Newtonian. When the stenotic severity surpassed
78%, the pressure increased dramatically. Their results showed low deformation
for asymmetric stenosis in the post-stenotic region. Fluid separation was longer
in the asymmetric model with the maximum stress located upstream of the artery
for 70% severity model. It was concluded that the increase of plaque severity and
eccentricity would cause more endothelial damage. Increased plaque eccentricity
would lead to severer wall deformation and collapse, along with high shear stress
and circumferential stress.
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Unsteady ow in a 75% axis symmetrically stenosed coronary artery was pre-
sented by Deplano et al. [15]. The ow was assumed to be Newtonian. Results
showed recirculation area increased when ow rate increased, the length of recircu-
lation was also increased as the Reynolds number increased. WSS values were the
biggest at the throat of the stenosis, due to the jet eect. The values were around
20 to 30 times larger than other areas. The global WSS values were also provided.
They also measured the impact from the change in surface forces, which could cause
platelet aggregation and stagnation points, resulting atherosclerosis.
Li et al. investigated the eect of carotid plaque and brous cap thickness under
Newtonian blood ow condition, using an FSI model [34]. For a 70% stenosis, re-
verse ow was visible distal to the stenosis, high stress concentrations were seen in
the brous cap and on the shoulders of the plaque. For an 80% stenosis, plaque de-
formation had occurred due to the high stenosis severity and thin cap. High velocity
and pressure were also formed at the throat of the stenosis, and a large recircula-
tion zone was evident at the distal end. A 40% stenosis was simulated with brous
cap values between 0.1-2[mm]. Plaque was stable for 0.7-2[mm] cap thicknesses, stress
increased above 300[kPa] when thickness decreased to 0.2[mm], leading to possible
plaque rupture. Generally, plaque rupture would occur when stenosis severity was
high and brous cap thickness values were low.
Johnston et al. studied the eect of wall shear stress in human right coronary
arteries [24]. There had been controversy on whether high or low oscillating wall
shear stress caused atheroma (buildup of cholesterol in artery walls). They used
blood velocity of 0.2-1.0[m s 1] and Reynolds numbers ranging from 20-1000. The
aim of their study was to compare dierent blood models and the wall shear stress in
dierent arteries. The uid models used were Newtonian, Carreau, Casson, power
law, Walburn-Schnek and generalized power law. Results showed signicant dier-
ences in WSS due to various blood models. The power law model over-estimated
WSS at low and high inlet velocities. The Walburn-Schnek model under estimated
WSS at high inlet velocity and the Newtonian under estimated WSS at low inlet
velocity. Their results showed that non-Newtonian models (both Casson model
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and generalized power law model) provided the best approximations of WSS. Simi-
larly, Pincombe and Mazumdar [47] found that non-Newtonian model, the Bingham
model (similar behavior to the Casson model) was more suitable for small arteries
due to its decreased response to changes in arterial radius when compared to the
Newtonian uid model.
Chan investigated the behaviors of a non-Newtonian blood ows through stenosed
arteries with FSI [8, 9]. Chan constructed an axis-symmetric stenosis model with
45% severity. The pre-stenotic artery length was 15[mm] and the post-stenotic was
50[mm], pressure at outlet was set to 4140[Pa]. Several time-steps were trailed with
unsteady ow of period T=0.345[s]. No signicant dierence was detected so 69
time steps was chosen to save computational time. The non-Newtonian blood mod-
els used were: Carreau model and power law model. Chan showed a close matching
between his numerical results and literature results. The non-Newtonian results
showed a smaller ow recirculation region when compared to the Carreau model.
The WSS patterns for both non-Newtonian models were similar when compared to
the Newtonian model. However, the Carreau model produced higher WSS magni-
tudes than the Newtonian model, while the power law model produced much lower
WSS magnitudes when compared to the Newtonian model. Pressure pattern at
the stenotic region were the same amongst all models. Lastly, further studies was
recommended on axis-asymmetric stenosis with dierent stenosis shape lengths and
severities.
The common feature of the above studies is the assumption of blood ow being
incompressible, laminar, viscous and isothermal. The no-slip wall condition on the
artery wall is another common feature. The model presented by Tang et al. [65]
had a thin wall. This was not ideal as wall stress behaviors require a thick wall
model to obtain the stress-strain variations in the wall [62]. Nearly all of the studies
above used the Newtonian model for simulating blood ow [30, 65, 62, 63, 67, 64,
41, 15, 34], this would aect the accuracy of results for small artery cases [24]. In
this thesis, the focus is on small arteries. Thus, non-Newtonian uid model is more
appropriate [24, 57, 56, 13, 47]. Among the numbers of non-Newtonian models,
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Casson model is selected to model blood in this thesis. A sucient pre and post-
stenotic artery model length is required in order to reduce the ow's start-up eect
and to capture the full eect of blood ow behavior [9, 8].
2.3.4 Miscellaneous arteries studies
Ohja et al. [45] conducted an experimental study using a photo-chromic tracer
method to capture pulsatile ow proles. The measuring system included: me-
chanical pump, nitrogen laser, camera and uid test section. The resulting pulsatile
ow is of sinusoidal waveform with a period of 0.345[s]. Ohja et al. work has been
widely mentioned in blood ow studies and the pulsatile waveform was used in Lee
et al. [30] study.
Siddiqui et al. modeled a pulsatile blood ow using Casson model [57]. The
stenosis was of axis-symmetric form, results showed when yield stress was low, mean
ow rate was higher than steady ow rate. When the yield stress was increased,
WSS values also increased. Higher velocity values were obtained for the Newtonian
model when compared to the Casson model. Siddiqui et al. also suggested that
future artery wall models should include non-symmetric stenosis and viscoelastic
eects, which played an important part in pulsatile ow. Siddiqui and Mishra
[56] continued their study for a blood ow model which was axis-asymmetric in
the axial direction and symmetric in the radial direction. Casson uid model was
chosen because low shear rate was present. Results showed that viscosity related
directly with the length of the stenosis ( L
L0
= 0:02   0:14). Viscosity increased for
the longer length of the stenosis.
Janela et al. presented their work involving 3-D FSI blood simulations using
a non-Newtonian blood model [22]. The Carreau-Yasuda non-Newtonian model
was used to provide a shear thinning eect. As blood interacted with the artery
wall, a traveling pressure wave was included to provide improved accuracy of results.
Numerical data were obtained for wall displacement and cross-sectional area change,
and compared with Newtonian uid cases. Their results showed small changes for
both wall displacement and cross-sectional area when comparing the two types of
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uid models. They concluded that although non-Newtonian models were not always
necessary, it was important to carefully consider which type of blood model should
be used when dealing with blood ow simulations.
Khatib et al. modeled atheroma plaque deformation using FSI simulations [27].
The plaque was made up of lipid deposits and a brous cap. Simulations were per-
formed using the parameters given in [34] and [68]. Their results showed dierences
in blood circulation in Newtonian and non-Newtonian ows. Both cases revealed
vortices forming downstream, decreasing to a constant size. For the non-Newtonian
case, several vortices formed, and then disappeared, apart from the ones formed
downstream. Plaque deformation was related to the stenosis size and geometry.
Valencia and Villanueva used the same model geometries as Tang et al. [67] to
conduct FSI simulations on stenotic arteries with unsteady ow and mass transfer
[75]. Their model was comprised of unsteady non-Newtonian blood ow in arteries
with symmetric and asymmetric stenosis. A time dependent velocity and pressure
were specied at the inlet. Stenosis severity was set at 80%. Results showed that
velocity increased dramatically when the stenosis severity increased from 70% to
80% for both symmetric and asymmetric models. The symmetric case showed
greater mean velocity than that of the asymmetric case. Comparison with a rigid
wall case showed excessively high pressure and velocity, so the results were deemed
to be unrealistic. The FSI case provided better results; with velocity of 2[m s 1] and
pressure approximately 1800[Pa] on the wall.
Li and Gillard simulated pulsatile blood ow in a diseased artery with dierent
stenosis severities [33]. The plaque consisted of a brous cap and lipid pool. Fibrous
cap thickness was investigated and compared for plaque stability. Results for the
70% severity showed ow reversal behind the plaque downstream and the maxima
stresses on the shoulder regions of the plaque. The brous cap was dened as 1[mm].
For 80% severity, brous cap was set to be 0.5[mm] thick. The higher severity and
thinner brous cap caused the plaque to deform more, consequently be more prone
to rupture.
Valencia and Baeza performed FSI simulations on axis-symmetric stenosed arter-
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ies investigating WSS, pressure and velocity behavior [73]. A time varying pressure
wave was used at the inlet. The artery wall material properties were assumed to be
nonlinear and modeled using Mooney-Rivlin model [42, 50] to provide more realis-
tic simulations. For a 70% severity stenosis, the maximum WSS was 20[Pa] at the
throat of the stenosis. The maximum velocity magnitude on the middle plane was
1.4[m s 1] at the throat of the stenosis. The authors believed that a more realistic
geometry for the plaque region would improve the accuracy in determining the risk
of plaque rupture.
Bluestein et al. [4] simulated an artery with micro-calcication using FSI. The
simulation was conducted in an artery with eccentric stenosis, using physiological
ow dynamics. Stenosis were set as 80% and 34%. Vessel diameter was 3[mm] and
wall thickness 1[mm]. Blood property was considered Newtonian, and the wall was
assumed to be non-linear, isotropic and hyper-elastic, described by the Mooney-
Rivlin model [42, 50]. Results showed ow recirculation distal to the stenosis.
Micro-calcication was noticed in the transient ow eld and also in the solid do-
main. For the distal end of the artery, stress and strain results at the wall were
similar, with or without the eect of micro-calcication. In the non-calcication
model, maximum stress-strain values were at the proximal side of the stenosis;
concentrated in the brous cap. For the case with calcication cap, value of the
maximum stress within the brous cap was tripled.
Janela et al. [23] conducted a numerical simulation on stenosed arteries using 3D
FSI coupled with 1-D, linear absorbing condition (LAC) and nonlinear absorbing
condition (NAC) wall models. Simulations results suggested that LAC and NAC
models were eective to negate pressure reections when the uid domain was
small; otherwise, the 3-D-1-D coupling method could be used for larger uid domain
models.
Valencia and Solis presented the work on basilar artery aneurysms [74]. Blood
was assumed to be Newtonian. The arterial wall was modeled using the Mooney-
Rivlin hyper-elastic model [42, 50] with an equivalent Young's Modulus of 5[MPa].
Results showed a large unsteady vortex along with low WSS values in most areas
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of the aneurysm, this could be a factor in wall degeneration which would lead to
rupture. They also concluded that wall displacement and stress levels were related
to wall thickness and type of geometry.
Majority of these simulations used FSI with Newtonian and/or non-Newtonian
blood models and elastic artery wall model. Among them Mooney-Rivlin hyper-
elastic model was the common choice for the artery wall [4, 23, 73, 74] with wall
thickness of 1[mm]. The stenosis severity studied was upto 80% [4, 33, 67], and
plaque was considered to be consist of brous cap and lipid pool [4, 33]. All these
were greatly contributed to the eld of study by including more physics into the
simulation model for more realistic results.
2.4 Artery models based on MRI data
MRI methods have been developed as another non-invasive technique to obtain an
accurate representation of the human artery. Tang et al. presented a paper on 3-D
MRI based FSI models [68]. They simulated blood ow in human carotid arteries. 3-
D MRI data of carotid plaque were used to construct the geometry. The components
of the walls and plaque were considered to be hyper-elastic, isotropic, incompressible
and homogenous. For the uid model, blood was assumed to be Newtonian. Results
indicated local maximum stress values at the thin cap of the lipid pool. Minimum
stress values are found in the lipid pool region. When unsteady pressure conditions
were used (representing physiological condition), pressure increased while stress
decreased. Larger lipid pools and thinner plaque caps enlarged the stress/strain
variations. 2-D and 3-D models under similar conditions produced very dierent
results. Results from non-FSI models over-estimated maximum stress values.
Tang et al. also focused on nding a relationship between human carotid plaque
and plaque wall stress [66]. Results showed human carotid plaque progression mea-
sured by wall thickness increase correlated negatively with wall maximum principal
stress. Plaque wall stress had a strong negative correlation with plaque progression.
Results also showed that shear stress could lead to plaque growth. Models gener-
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ated via MRI data from a higher resolution scanner was presented later by Tang et
al. [69]. Results indicated that large stress/strain variations for pulsatile pressure
were evident at the plaque cap. The vessel material properties had a major eect
on stress distribution. Overall, this paper provided more accurate results for pre-
dicting plaque vulnerability. Zheng et al. [84] studied carotid plaque progression in
pigs using MRI data. They found that low principle stress and strain led to plaque
regression, tensile stress and strain are dominant factors in plaque progression.
Kock et al. investigated mechanical stresses in carotid plaques [28]. WSS and
pressure levels were investigated using Newtonian ow. A neo-Hookean model was
used to model the hyper-elastic behavior of the artery wall. Their results showed
that the maximum stress (rst principal stress) levels on the shoulders of the steno-
sis; stress levels inside the brous cap had inuenced plaque rupture.
Dempere-Marco et al. conducted an interesting CFD analysis on intracranial
aneurysms [14]. Flow simulations were combined with non-rigid wall motion to
investigate WSS and ow patterns. The wall motion was estimated by using trans-
femoral catheterization and cerebral angiography on patients, where multiple images
were taken over a period of eight seconds. These images were reconstructed into
3-D data using a standard software for analysis of wall motion. With simulations
of several wall motions, small WSS dierences were shown. When comparing wall
motion models to a rigid wall model, the rigid wall model over-estimated WSS
magnitudes.
Tan et al. used newly constructed transitional and turbulence models to estimate
blood ow characteristics in patient-specic stenosed arteries [61]. Patient specic
waveform was used at the inlet, blood was assumed to be Newtonian. Time-averaged
WSS contours showed maximum value of 16.3[kPa] for the laminar ow analysis.
The transitional Shear Stress Transport (SST) turbulence model produced a peak
value of 18.7[Pa] for the turbulent ow analysis. High stress areas were located on
the throat and inner wall of the artery. The laminar ow showed a narrower ow
recirculation zone.
McGregor et al. presented a 3-D model constructed from MRI data of an AAA
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for FSI simulations [39]. Results indicated that for a healthy aortic bifurcation, time
average WSS was minimal on the outer wall of the left vessel. When simulating
aneurysmal growth, the weakening factor (!, which incrementally decreased the
stiness of the artery wall) was increased, up to 96%. Results showed the artery
diameter did not increase as much for a diseased artery, when compared to an
artery with no plaque. They found that atherosclerotic plaque growth countered
aneurysmal growth, which may reduce the risk of aneurysm rupture.
Torii et al. used CT images to construct 3-D cerebral aneurysm models [71].
Physiological velocity waveform was used on two un-ruptured aneurysms, one rup-
tured, and one bifurcation model. FSI results were compared to rigid wall results
to identify the importance of FSI modeling. The eect of FSI modeling varied ac-
cording to the shape of the aneurysms. In areas where blood collided sharply with
the artery wall, maximum WSS tended to be lower; while if blood did not ow into
an aneurysm, the FSI eect was minimal. This study showed that although the
eect of FSI would vary for each model, FSI modeling still enhanced the accuracy
of simulations.
The use of MRI data in construction of artery model provides more realistic
geometries, consequently enhances accuracy of the simulations. Some of the MRI
data based arteries models were simulated using FSI in which elastic or hyper-elastic
materials were used to describe the artery wall behavior [14, 28, 68, 71]. Among
them, the neo-hookean proposed in [28] appeared to be more suitable for modeling
the hyper-elastic artery wall, thus, is adopted in this thesis. Though MRI artery
data is not used in this thesis, it would be considered for future studies as it would
allow more accurate predictions on plaque growth with the method developed in
this thesis.
2.5 Plaque growth studies
Plaque growth within an artery occurs when LDL (bad cholesterol), macrophage,
and fat deposits enter via a tear in the artery wall. The build up of these substances
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cause stiening to the artery wall and a narrowing of the artery. Below are a range
of plaque growth studies separated into two sections: experimental studies and
numerical studies.
2.5.1 Experimental investigations on plaque growth
Using uorescence microscopy, Naiki and Karino observed the accumulation of
macromolecules on the surface of a cultured endothelial cell monolayer where the
WSS was low [43]. Their experimental results revealed that the amount of the
accumulation increased greatly when the WSS approached to zero. Celleti et al.
[6] presented an experimental study on the eect of recombinant human vascular
endothelial growth factor (VEGF) on atherosclerotic plaque progression. Albumin
was injected into white rabbits which were on a cholesterol diet prior to the experi-
ment. Results showed that vascular endothelial growth factor increased the growth
and stenosis severity of atherosclerotic plaque in the thoracic aorta.
Leskinen et al. presented an in vitro study on regulation of smooth muscle cell
growth [31]. They found that smooth muscle cell was responsible for producing
collagen in the atherosclerotic plaque. They classied that a stable plaque would
contain a thick brous cap, small lipid pool region, a high number of smooth muscle
cells but low number of inammatory cells; and the plaque that were likely to
collapse would contain a thin brous cap, large lipid pool and high number of
inammatory cells (mast cells, macrophages and T-lymphocytes). Their results
showed that activated mast cells could aect the growth and death of smooth muscle
cells, therefore playing an important role in plaque growth and rupture.
Sapienza et al. also conducted an experimental study on patients with carotid
plaques [54]. They found that basic broblast growth factor, a member of the
heparin-binding growth factors, contributed largely to plaque rupture, where the
artery was so blocked causing it to burst or there was insucient blood ow to the
heart, leading to cardiac arrest.
Virmani et al. [76] observed signicant necrotic core progression in atheroscle-
rotic plaque growth and rupture. The build up of erythrocyte membranes caused
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rapid changes in plaque substrate, which was an increased free cholesterol level
within the lipid pool. Damage in the medial wall promoted growth of micro vessels
from the adventitia, this plus the damage to the endothelial tube linings seemed
to provide an environment for atherosclerotic plaque to form. Trostdorf et al. [72]
conducted experiments involving 38 patients with severe atherosclerotic condition
and found that smooth muscle cells could not promote brous cap thinning and
therefore was not the likely cause of plaque rupture. An experimental study was
also done by Laird et al. [29]. Calcium phosphate nucleation and cholesterol growth
from a supersaturated simulated body uid was investigated. Results showed that
given suitable conditions, calcium hydroxyapatite grew on cholesterol. Chemical
modication of cholesterol reduced the calcium phosphate deposition.
A similar study to [6] was done by Migdalski et al. [40]. They investigated
the relationships of Tissue Factor, Tissue Factor Pathway Inhibitor and Vascular
Endothelial Growth Factor in human carotid plaques. Results showed that the
relative concentrations of these factors were the same, amongst symptomatic and
asymptomatic carotid plaques. Diabetic patients showed higher concentrations of
the three factors when compared to non diabetic patients.
To study the inuence of smoking and high cholesterol on the progression of
atherosclerosis, von Holt et al. [77], conducted a 12-month experimental observation
in the brachiocephalic artery of mice. Results indicated long term exposure to
smoking would increase the rate of plaque growth. Plaque growth was further
accelerated when smoking was coupled with a high cholesterol diet. Pilarczyk et
al. [46] investigated the role of placenta growth factor (PlGF) in human stenosed
arteries. Carotid plaques of 60 patients were analyzed using Western blots. Data
showed PlGF was related to plaque inammation and microvascular density and
ultimately causing plaque destabilization.
Colombo et al. [11] studied the eect of (VEGF) in accelerated atherosclerosis
in patients with systemic lupus erythematosus (SLE). Eighty sick female patients
along with eighty healthy females were interviewed, physically examined and tested
to determine the VEGF level and intima media thickness (IMT) within the arteries.
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Results indicated IMT and VEGF had direct association with the SLE disease.
Barret et al. [3] used 11 carotid plaque samples to determine mechanical properties
of stenosed carotid arteries. The amount of shear modulus was found to be between
7-100[kPa], with the median value of 11[kPa].
Teng et al. gave an insight to artery strength in human carotid arteries [70].
Their experimental work involved three pairs of arteries from patients with ages
around 70, six categories of specimens were formed: Axial Adventitia, Axial Media,
Circumferential Adventitia, Circumferential Media, Axial Intact and Circumferen-
tial Intact. A t-test was used to determine the relationship between the categories
mentioned above. Results showed that the mean ultimate strength of media in axial
direction had the lowest ultimate strength, while mean ultimate strength for media
was signicantly smaller than the adventitia. Overall, the failure of any component
within the arterial wall would lead to a high risk of plaque rupture, therefore the
ultimate strength data would be useful in assessing the risk of plaque rupture.
2.5.2 Numerical work involving plaque growth
Due to multiple biochemical events and the corresponding bio-mechanical responses
involved, the biological process of plaque growth and rupture has yet been very
dicult to investigate in laboratories. Alternatively, mathematical modeling has
been used to study such processes. Stroud et al. [60] presented a study on the eect
of stenosis morphology and surface irregularity within a diseased artery. 3-D arteries
were modeled and solutions were obtained using an unsteady, Newtonian uid.
Their study showed that stenosis shape, surface irregularity along with pulsatile
waveform should be taken into consideration to further improve the accuracy of
determining plaque rupture.
Zohdi et al. [85] developed a one-dimensional model that described plaque
growth perpendicular to the artery wall. By coupling to solve a uid velocity
equation and an intima growth equation, their model mathematically described
the phenomenon that a monocyte particle convecting in the blood stream near the
artery wall would rest on the wall when its speed decreased below a critical value.
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The growing thickness of the intima was assumed to be directly related to the
concentration of the particles adhered on the wall due to the sub-critical near-wall
velocity of the particles.
Sadat et al. [52] constructed plaque models from MRI images of 61 patients.
All plaque components are considered to be nonlinear and hyper-elastic. Statisti-
cal methods showed structural stress along with stenosis shape contributes to the
development of ipsilateral cerebrovascular ischaemic symptoms. Yang et al. also
investigated plaque progression with the use of MRI data [80]. 3-D models were ob-
tained from 14 patients, whom were scanned at regular intervals to capture plaque
progression. FSI simulations were carried out to obtain Plaque Wall Stress and
WSS data. Results showed a positive correlation between WSS and plaque pro-
gression, which diers from previous knowledge that WSS correlates negatively in
early-stage plaque growth.
Soulis et al. [58] investigated LDL distribution in human right coronary arteries
by numerical simulation of non-Newtonian blood ow through six image-based hu-
man diseased right coronary artery models. Their numerical results indicated that
lowWSS promotes LDL accumulation on the artery wall. Soulis et al. assumed LDL
to be solute within the plasma. Though they believed that high density lipoprotein
(HDL) had the potential to remove LDL from the artery wall, this phenomenon
was not investigated in their research due to high computational complexity. The
important outcome of their research was a quantitative relationship between LDL
accumulation and WSS, revealing a doubling of the normalized LDL accumulation
when WSS decreased below a critical value.
Speelman et al. [59] used 2-D histological plaque data and investigated the
eect of initial stress. Their study involved no uid ow modeling, initial stress
was calculated from an in-house code. The intraluminal pressure was assumed to
be 13.3[kPa], gradually increased over 15 steps. Stress values are calculated at each
step and used as the initial stress boundary condition for the next step. Results
indicated that the inclusion of initial stress (stress applied onto the artery walls
as an initial boundary condition) eected the absolute cap stress for some models.
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Plaques with thin cap and wide necrotic core show lower peak cap stress values,
while other models show no major dierences in stress levels.
In summary, the majority of the literature on plaque growth are the experimental
studies, as discussed in this section [43, 6, 31, 54, 76, 72, 29, 40, 77, 46, 11, 3, 70].
A dominant proportion of the experimental studies were focused on tissue growth
[6, 40, 54, 31, 11, 3, 46, 72]. A limited number of the experiment studies showed that
LDL was a main cause of plaque growth [77, 6, 40]. Naiki and Karino [43] was the
only that study that attempted to observe the ow eect on particle accumulation
on the artery wall under restricted laboratory condition. Microspheres of similar size
to LDL were used under steady ow condition between parallel plates. It is nearly
impossible to observe accurately the amount of plaque growth on a stenosis under
laboratory conditions, as blood ow is unsteady, non-Newtonian and the artery
wall is hyper-elastic. Therefore, the numerical method is adopted in this thesis to
include these characteristics to provide more physiological stenosis models. The
work of Zohdi et al. [85] was a good attempt in modeling plaque development as it
mathematically demonstrated that the near-wall velocity of the uid was primarily
responsible for plaque growth. Since WSS is directly proportional to the near-wall
velocity of uid, it can be inferred from the work of Zohdi et al. [85], that fatty
particles near the wall adhere at the locations where WSS is below a critical value.
This was supported by the LDL accumulation prole presented by Soulis et al. [58]
along with Naiki and Karino's experimental results [43]. Lastly, the addition of
non-uniform stenosis shape would alter the likelihood of plaque rupture [60, 52].
2.6 Conclusion
The above literature provides blood ow studies in several categories: blood ow
simulations with 2-D artery geometries, with 3-D geometries constructed using MRI
data and FSI modeling on carotid, aortic and abdominal artery geometries, as well
as plaque growth modeling.
The 2-D studies presented in this literature survey showed the necessity of con-
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ducting 3-D blood ow modeling. The use of 2-D models restricts the stenosis
shape to be axis-symmetric, when in real life situations, the stenosis shape is of-
ten of axis-asymmetric form. Many of the stenosis geometries in this literature
survey contains a lack of stenosis tapering, especially in the post-stenotic region
[83, 65, 30, 62, 41, 75, 37, 20, 64, 15, 32, 67]. As the stenosis severity increases, one
would expect more plaque build up in the post-stenotic region than the pre-stenotic
region. Several modeling enhancements such as the addition of a localized stiness
region and the use of physiological ow proles would improve modeling accuracy
[32].
The most of FSI studies in literature assumed blood to be a Newtonian uid.
This assumption is inadequate, especially when modeling smaller arteries such as
the Carotid artery [24] where a non-Newtonian uid model should be used. Simula-
tion results from both the systolic and diastolic phases should be analyzed to fully
capture the eects of WSS and ow recirculation within the stenotic region [18, 19].
A pre/post-stenotic region is required to minimize the start-up eect of the uid and
to also investigate ow behavior further down-stream of the stenosis [8]. Another
modeling enhancement was the use of multi-layered artery wall [30, 17], where dif-
ferent material properties were used for each artery layer to mimic a real-life human
artery.
As discussed in this literature survey, the majority of plaque growth studies
were experimental work [43, 6, 31, 54, 76, 72, 29, 40, 77, 46, 11, 3, 70], which
showed that LDL contributes to plaque growth [77, 6, 40]. The numerical work
indicated that plaque growth would be at its greatest whenWSS was low [58, 85, 43].
The incorporation of non-uniform shaped stenosis geometries would enhance the
accuracy of results [60, 52, 8], this also implies that plaque growth modeling should
be considered when simulating blood ow.
Due to the complexities of the numerical methods involved for a real life sim-
ulation of blood ow through a stenosed artery, little research has been done in-
corporating the FSI simulation along with: (1) non-Newtonian blood rheology; (2)
axis-asymmetric stenosed artery geometries; (3) a stenosis model that resembles the
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physiological material properties of a plaque, (4) a stenosis model which incorpo-
rates plaque growth and (5) the use of pulsatile physiological ow prole. This has
been the objective of this research.
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Chapter 3
Mathematical descriptions of the
stenosis modeling
The rst section of this chapter provides descriptions of the validation model and
the base model geometry and parameters used for simulations in this thesis. The
second section of this chapter provides the governing equations for the blood ow
and the artery wall deformation, and the discretization procedures for the nite
volume method (FVM) and the nite element method (FEM). The third section of
this chapter species the initial and boundary conditions for the solid (artery wall)
and uid domains. The last section of this chapter presents the method of plaque
growth modeling developed in this thesis and the method of stress analysis within
the brous cap.
3.1 Initial stenosis model geometries
The model geometries used in this thesis begins with the 3-D axis-symmetric 45%
stenosis severity model. The axis-symmetric model is used for model setting vali-
dation. This is followed by the 45% stenosis severity axis-asymmetric model as the
base model for blood ow simulations and plaque growth modeling.
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3.1.1 Validation model geometry - axis-symmetric 45% steno-
sis severity
The 3-D validation model geometry (see Figure 3.1) was used to validate the model
settings for the two-way FSI simulations. It is an axis-symmetric 45% stenosis
severity geometry. The cross-section of the model along its axis was constructed
based on the 2-D 45% stenosis prole used by Lee et al. [30] and Chan et al.
[9] (see Figure 3.2). The height of the plaque is 0:225D, where D is the inner
diameter of the artery as shown in Figure 3.1. The plaque width along the artery
wall, W , takes the same width as the Lee et al. model (see Figure 3.2), which is
W = L + 0:225D( 1
tan30 +
1
tan45 ) where L is the plaque tip width assumed by Lee
et al. [30]. The dierences of the 3-D validation model geometry from Lee et al.
2-D model geometry are: 1) there is no assumed plaque tip width; 2) there are no
straight edges and sharp corners for the plaque prole. As shown in Figure 3.1,
the 3-D validation model geometry is constructed with smoother edges and corners
of the plaque prole for a more realistic representation while the uid region is
the area enclosed by the plaque and the artery wall. Lee et al. studied blood
ow behavior using the 2-D stenosis model shown in Figure 3.2. Lee et al. work
was one of the early hemodynamic studies using the one-way FSI technique. Their
simulation results were validated with experimental work done by Ohja et al. [45],
which is widely cited in the eld of hemodynamic studies. In Lee et al. study, blood
was treated as a Newtonian uid, the WSS, velocity and pressure were investigated
at multiple post-stenotic points. Chan et al. [9] adopted Lee et al. [30] model
geometry to further study the blood ow behavior by using non-Newtonian uid
models. Chan et al. [9] simulation results validated well with the results of Lee et
al. [30].
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Figure 3.1: 3-D axis-symmetric stenosis geometry representing the geometry of Lee
et al. [30].
Figure 3.2: 2-D stenosis geometry courtesy of Lee et al. [30].
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3.1.2 Base model geometry - axis-asymmetric 45% stenosis
severity
In real life situations, one would not expect the stenosis shape to be of axis-
symmetric form. This thesis uses axis-asymmetric stenosis models which provides a
more realistic representation of the stenosis. The base model shown in Figure 3.3a
is an axis-asymmetric 45% stenosis severity model. The center of the coordinates is
located at the center of the plaque base plane on the artery wall. The stenosis shape
for the this model is assumed as a bi-elliptical volume, with A0+B0 being its major
axes and Y 0 the semi-minor axis, as shown in Figure 3.3a. Figure 3.3a illustrates
the cross-section of the base plaque model in the ZOY plane and Figure 3.3b in the
XOY plane. To ensure the accuracy of the numerical solution, the stenosis is located
a distance of F [mm] from the Inlet, determined by the condition that the ow is fully
developed or at least close-to-fully developed prior to the stenosis. The length of
the artery L [mm] is also chosen long enough to ensure that a fully developed ow is
achieved prior to the Outlet. These dimensions, together with the inner diameter
of the artery D [mm] are given in Table 3.1.
Table 3.1: Model parameters
E 67.584mm F 16.292mm
D 5mm A0 +B0 2.584mm
Y 0 2.25mm  (Poisson Ratio) 0.45
f 1050 kgm
 3 w 1000 kgm 3
l 1000 kgm
 3 E 0.1MPa
s (Stenosis) 24MPa w (Wall) 6MPa
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(a) ZOY view.
(b) XOY view.
Figure 3.3: Base model.
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3.2 Modeling equations
The stenosis models were solved using the two-way uid-structure interaction (FSI)
algorithm. The two-way FSI method not only simulates the uid ow behavior
through a stenosed artery, but also captures the compliance of the artery wall and
its inuence on the ow behavior. The uid solver uses the element based nite
volume method (ebFVM), while the structural solver adopts the nite element
method (FEM). All the model geometries include both uid and solid domains.
As indicated in the computational ow chart (see Figure 3.4) for the two-way FSI
simulation, at each time step, the blood ow, being viscous and incompressible,
is governed by the continuity and Navier-Stokes equations and is solved rst. The
pressure obtained from the uid solver at the interface of the uid and solid domains
is then passed on, as a load, to the inner surface of the artery wall in the structural
solver to solve for the deformation of the artery. The displacement obtained in
the structural solver is then passed back into the uid solver to adjust the uid
domain. This procedure continues until the convergence target is reached, i.e. the
normalized change of interface loads is less than 0.001 between the ebFVM and
FEM solutions.
Finite volume methods are generally classied into two sectors: cell-vertex and
cell-centered methods. The cell-centered method denes each cell as its control
volume, while the cell-vertex also known as the ebFVM denes each node as the
center of a control volume. The control volume consists of all elements common
to the node, see Figure 3.5(a) where for simplicity, the discretization methodology
is illustrated in two dimensions. The governing equations for the uid ow in the
control volume integral form are:
d
dt
Z
V
fUi dV +
Z
S
fUjUi dnj =  
Z
S
P dnj +
Z
S
f
@Ui
@Xj
dnj (3.1)
Z
S
Ujdnj = 0(i; j = 1; 2; 3) (3.2)
where V denotes a control volume; S denotes the surfaces that enclose the control
volume and dnj are the dierential components of the outward normal vector of the
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Figure 3.4: Computational ow chart for the two-way FSI simulations.
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Figure 3.5: A 2-D example of a control volume in ebFVM.
integration surface; f [kg m
 3] is the density of the uid (see Table 3.1); U [m s 1] is
uid velocity; P [Pa] is the uid pressure; t [s] is time; X [m] is the displacement and
f [Pa s] is the viscosity of the uid. To account for mesh deformation, the Leibnitz
rule is used and consequently Equations (1.2 and 1.3) become:
d
dt
Z
V
fUi dV +
Z
S
f (Uj  Wj)Ui dnj =  
Z
S
P dnj +
Z
S
f
@Ui
@Xj
dnj (3.3)
Z
S
(Uj  Wj)dnj = 0 (3.4)
where Wj represents the velocity of the control volume.
The Volume integrals are calculated within each sub control volume and accu-
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mulated to the control volume which it belongs. The surface integrals are calculated
using the four integration points of each element, see Figure 3.5(b). The discretized
volume integrals become:
V
1
t

3
2
(fUi)  2 (fUi)0 + 1
2
(fUi)
00

+
X
ip
mip (Ui)ip =
X
ip
(P ni)ip+
X
ip

f
@Ui
@Xj
nj

ip
(3.5)X
ip
mip = 0 (3.6)
where mip = (f (Uj  Wj)nj)ip; V represents the control volume; t represents
the time step; nj represents the outward normal vector; the superscript 0 represents
the previous time step, the superscript 00 represents the second previous time step
and the subscript ip represents the calculation done at an integration point. The
transient term is discretized using the second order backward scheme.
The ebFVM adopts the strategy of using shape functions in a local coordinate
system, borrowed from the FEM. Since the solution of the uid velocity is stored
at every node within an element, piece-wise shape functions are use to approximate
the variation of the solution U across an element.
U =
X
i=1::M
NiUi (3.7)
Where Ni are the shape functions for the element i and Ui is the solution at node
i; and M is the total node number of the element. ANSYS CFX uses trilinear trial
functions to dene the shape functions (Ni = a+bx+cy+dz) for each node. Solving
the unknowns ai; bi; ci; di for each node i, the shape functions Ni are generated.
After discritizing the computational domain, a coupled solver is adopted to solve
for the general solution. For a transient analysis, every time step iteration contains
several inner iterations. The inner iterations are performed to linearize the nonlinear
equations, hence assembling the solution matrix. The linear equations are solved
simultaneously using the incomplete lower upper factorization method, an iterative
solver along with the Multigrid technique to achieve a better convergence rate. The
Multigrid technique is usually separated into two classes: Geometric and Algebraic.
An Algebraic Multigrid cycle begins at the nest mesh. The ne mesh solution is
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then transferred to the next coarser mesh until the coarsest mesh is reached. The
solution obtained at the coarsest mesh is than interpolated back to the ner mesh.
The solution from this ner mesh is interpolated to the next ner mesh till the
nest mesh is reached. The whole process is repeated until satisfactory convergence
is reached. The ebFVM uses Algebraic Multigrid technique. In this method, the
specially chosen coecients of the matrix are combined together to form a new co-
ecient matrix representing the coarser mesh and no new discretization is required
on the coarse mesh.
Each set of the linear equations is written as:
Ax = b (3.8)
where A is the coecient matrix, x is the vector of the unknowns and b represents
the right hand side vectors. This set of equations is solved iteratively with an initial
approximation xn, which is improved by x0 to produce a more accurate solution
xn+1. The iterative process is:
Un+1 = Un +U0(n = 0; 1; 2:::) (3.9)
where n is the step of iteration starting from n = 0; the term x0 is the solution of:
AU0 = rn (3.10)
where rn is the residual vector dened by:
rn = b AUn (3.11)
The iteration procedure continues until the norm of the residual vector rn is less or
equal to the pre-set residual criterion.
As discussed in Chapter 2, the blood property is modeled as a non-Newtonian
uid described by the Casson model [57]. At high shear values, the Casson model
behaves like a Newtonian uid, while at low shear values, it exhibits non-Newtonian
behavior. These properties are ideal for modeling blood ow, as blood is a non-
Newtonian uid at low shear rates but can exhibit Newtonian behavior at high shear
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rates. For a non-Newtonian uid, dynamic viscosity of the uid  is a function of
_, where _ is the shear strain function of the uid. Two non-Newtonian models are
used in this research, the power law model and the Casson model. The power law
model is used only for the validation model, in order to have a direct comparison to
Chan et al. simulation results. The Casson model is then adopted for all subsequent
models in this research.
The mathematical description of the power law model denes:
f = 0( _)
b 1 (3.12)
Here 0 = 0:035 is the ow consistency index and b = 0:6 is the ow behavior index.
The mathematical description of the Casson model is:
f = [(
2J2)
1=4 + 2 1=2 1=2y ]
2J
 1=2
2 ; (3.13)
where J2 = ( _=2)
2 is the function of shear strain _, y = 0:1(0:625h)
3 is the yield
stress of the uid,  = 0(1   h) 2:5 is the Casson's viscosity coecient where
0 =0.0012 [Pa] and h = 0:37 is the volume fraction of red blood cells [24].
The governing equation for the artery deformation is:
w
d2di
dt2
=
@ij
@xj
; (3.14)
where w [kg m
 3] is the density of the artery wall (see Table 3.1), di [m] is displace-
ment and ij [Pa] is the stress tensor of the solid. The stress tensor can be presented
as:
26664
11 12 13
21 22 23
31 32 33
37775. The strain energy of the solid is governed by the neo-Hookean
model:
W =
w
2
I1   3 + 
2
(J   1)2: (3.15)
where w [MPa] represents initial shear modulus; and  [MPa] represents bulk modulus
of the hyper-elastic material (see Table 3.1); I1 is the rst deviatoric invariant of
the left Cauchy-Green deformation tensor and J = detF where F is the deformation
gradient.
49
Figure 3.6: The Prole Preserving Interpolation.
Figure 3.7: The Globally Conservative Interpolation.
The governing equation for the artery wall is discretized by the standard FEM
approach. The Galerkin weighted residual method is implemented into the FEM
algorithm to approximate the solution to the governing equation.
The resolved uid pressure from the ebFVM algorithm at the interface of the
uid and solid domains is then passed, as a load on the inner wall of the artery in
the structural solver to solve for the deformation of the artery. For the non match-
ing nodes between the uid domain and the solid domain, ANSYS automatically
transfers the load across the meshes using two interpolation methods: prole pre-
serving and globally conservative. In a prole preserving method, the nodes on the
receiver side will map onto an element on the sender side, see Figure 3.6. Therefore,
the interpolation is always done on the sender side, at a in Figure 3.6. In a globally
conservative interpolation, the nodes on the sender side will map onto an element
on the receiver side, see Figure 3.7.
Several solvers are available in ANSYS: SPARSE (direct solver), tri-diagonal
matrix algorithm and conjugate gradient (indirect solvers). Base on the size and
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nature of the problem, ANSYS automatically chooses the most appropriate solver.
The displacement obtained in the structural analysis is passed back into the uid
solver to adjust the uid domain and update the ow prole. This procedure
continues until overall equilibrium is reached between the FVM ow solutions and
FEM structural solutions, as shown in Figure 3.4.
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3.3 Model condition settings
3.3.1 Boundary condition - uid domain
 Inlet - Two unsteady ow proles are used: The sinusoidal ow prole (see
Figure 3.8) and physiological ow prole (see Figure 3.9) to mimic the pul-
satile ow produced by the human heart are applied on the Inlet boundary,
respectively. The details of these two ow proles are given in Section 3.3.3.
 Outlet - A relative pressure value of 4140[Pa] is set at the Outlet, adopted
from Lee et al. [30].
 Wall - The boundary condition of the ow along the artery wall of the uid
domain is considered to be non-slip. Vessel porosity is also ignored, which
means blood can not ow into and past the artery wall. Thus the boundary
condition of the uid ow adjacent to the wall is:
Ui = 0 (3.16)
where i = x, y, z for equations in the cartesian coordinates. This equation
states that velocity in all directions on the surface between the solid and uid
domains is equal to zero.
The uid material properties of the stenosis model is shown in Table 3.1, where f
is the density of the uid; w is the density of the artery wall; l is the density of
the lipid pool; E is the Young's modulus of the lipid pool; s is the shear modulus
of the stenosis and w is the shear modulus of the artery wall. Laminar ow is set
for all simulations.
3.3.2 Solid domain model settings
As described in Section 3.3.1, the loading condition on the artery wall is the pres-
sure calculated from the ow and acted on the inner surface of the artery. The
displacement and moment on the solid domain is xed at the inlet end of the artery
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and set to xed in the Radial direction and free in the Z and Y directions at the
outlet end of the artery. The artery wall is assumed to be hyper-elastic, its mate-
rial property is governed by the neo-Hookean model with wall thickness of 1[mm].
The shear modulus is set as 6[mPa] [28] for the healthy parts of the artery wall
and 24[mPa] for the stenosis region. The four-fold increase in the stenosis region is
supported by Li et al. [32]. A variation of this model is the addition of a lipid pool
embedded in the stenosis, see Figure 5.2. The material properties of the brous cap
and the artery wall are governed by the neo-Hookean model, while the lipid pool
uses a constant Young's modulus of 100[kPa] [28].
3.3.3 Blood ow proles
Blood ow proles are generally classied into two sections: sinusoidal and physio-
logical. The blood ow through the stenosed artery is modeled over a time period
of 0.345 [s] with a sinusoidal pulsatile ow pattern [45, 30] as shown in Figure 3.8.
Although the time period specied is small for simulating human blood ow, this
ow prole is adopted to enable results validation with the literatures [9, 30]. The
physiological ow prole is then used in this thesis for the models, see Figure 3.9.
Three ow proles were used by Li et al. [32], each prole corresponds with a
dierent range of stenosis severity. The major dierence in the ow proles is the
peak ow rate. As peak ow only lasts for a fraction of the time period, the mean
ow rate for all three ow proles are of similar value. The ow prole for the 50%
stenosis severities is adopted for plaque growth modeling in this thesis over a time
period of 0.8 [s]. A single cycle is simulated to achieve ow repeatability.
The peak ow is referred to as the systolic phase, this is at approximately
t=0.15[s] or t=tp = 0:1875 for the physiological ow and t=0.08625[s] or t=tp = 0:25
for the sinusoidal ow. The minimum ow is referred to as the diastolic phase, this
is at approximately t=0.275[s] or t=tp = 0:34375 for the physiological ow and
t=0.25875[s] or t=tp = 0:75 for the sinusoidal ow. t=tp is the normalized time
where t =time[s] and tp =time period[s].
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Figure 3.8: Sinusoidal ow prole.
Figure 3.9: Physiological ow proles courtesy of Li et al. [32].
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3.4 Growth modeling
Much of the research on atherosclerosis has been focused on the uid and solid
behavior of the artery wall for a chosen stenosis severity, very little research has
been done on the evolution of the arterial plaque as the stenosis severity increases.
Without a physiological representation of the stenosis geometry, the simulation
results may lead to inaccurate ndings. Since it is nearly impossible to determine
the amount of stenosis growth experimentally, this thesis utilizes the ndings of
Soulis et al. [58] to model the progression of Atherosclerosis numerically. This
method will provide an initial insight into the evolution of plaque morphology,
which provides more realistic simulation data in an ecient, cost-eective and non-
invasive way.
The graph presented by Soulis et al. (see Figure 3.11) shows a normalized LDL
distribution (ratio of surface to uid concentration) under dierent WSS values. No
surface LDL occurs for the the Normalized LDL Concentrations values between 1
- 1.03. The surface LDL accumulation is only observed when the normalized LDL
concentration value is about 1.03 and above. at the low range WSS values (0 -
1.5 [Pa]) region, the maximum Normalized LDL Concentrations reaches to 1.2. It
rapidly decreases to 1.1 in the region when the WSS value is increased to 1.5 and
the slightly decreases to 1.08 and below when the WSS values is increased to 8.0
and above. The Soulis et al. graph clearly indicated an intriguing phenomenon
that, a rapid elevation of LDL concentration occurs when WSS reaches a critical
value of 1.5; and the maximum LDL concentration value is at least doubled, in the
lower WSS range side of the critical WSS value, than that in the higher WSS range
side. Based on Soulis et al. results, it is safe to infer that the regions with close to
zero WSS values promote approximately double the amount of LDL accumulation
than elsewhere on the artery wall. Since the WSS is proportional to the tangential
velocity gradient of the ow in the layer adjacent to the artery wall, it is realistic to
assume that a stenosis would have the maximum LDL build up in the post-stenotic
region within the ow recirculation zone. In the pre stenotic regions, it is expected
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that the stagnation zone is much smaller than the ow recirculation zone in the
post stenotic region. The pre stenotic region is also subjected to the impact of
higher uid velocity during the systolic phase periodically, with the potential of
washing away a portion of the LDL accumulated during the diastolic phase. It is
also expected that no stagnation zone would exist at the throat of the stenosis where
uid velocity is at its highest. Therefore, the build-up of LDL, in the post-stenotic
region according to Soulis et al. graph (Figure 3.11), would be double as much the
build-up amount for the throat and pre-stenotic regions. A simple rule of growth
is established.
Based on the rule of growth, the rst step of the growth modeling is to deter-
mine the size of the ow stagnation region in the front and recirculation zone at
the back of the stenosis, as these regions would eventually be lled up with high
concentrations of LDL, hence forming the new shape of the stenosis. Numerical
results of the velocity prole in the vicinity of the stenosis are used to determine
the sizes of these regions. The length and depth of these regions then form the new
construction points for the updated stenosis geometry. The horizontal growth in
the pre and post stenotic regions A and B (see Figure 3.10a) are determined
by the locations on the wall where the Z component of the uid velocity in the ad-
jacent layer is UZ = 0. From the FSI results of the rst stage stenosis simulation,
it has been observed that the average absolute WSS value over a time period in
the post-stenotic region is close to zero, lower than that in the pre-stenotic region.
The growth in the pre stenotic region A, is about half of the growth in the post
stenotic region, B, established earlier in this section and Naiki-Karino's critical
close to zero WSS value [43].
The height of the uid recirculation zone, H [mm], and its distance from the
centre plane of the stenosis C [mm] (see Figure 3.10a), are determined by the point
in the uid domain where the normal distance from the wall is the maximum in
the recirculation zone when UZ = 0, as shown in the shaded area in Figure 6.2.
Since WSS is the highest at the throat of the stenosis, the vertical growth at the
throat, Y [mm] (see Figure 3.10a), is determined as Y = 1
2
H, i.e. a 50% reduction
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(a) ZOY view.
(b) XOY view.
Figure 3.10: Base model with vertical and horizontal growths.
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Figure 3.11: LDL distribution prole courtesy of Soulis et al. [58].
of the growth in the close to zero WSS region based on the rule of growth. The
growth updated plaque geometry is indicated by dotted curve in Figure 3.10a. The
point (C, H) is used to determine the shape of stenotic tapering for the growth
updated plaque geometry. If the recirculation zone is extended into the wake of the
stenosis, a convex tapering shape is used for the growth-updated plaque morphology.
Figure 6.6 shows one of the geometries as an example. If the recirculation zone is
over a part of an existing stenosis, a concave tapering shape is selected for plaque
morphology, see Figure 6.7 for example. Figure 3.10b illustrates the growth-updated
plaque morphology (in dotted curve) incorporated onto the base model in XOY
plane view. Y 1 and R1 represent the growth in the vertical and radial directions,
respectively. Due to modeling complexity and lack of data in literature for the
growth in the circumferential direction, the circumferential growth is assumed to
be equivalent to vertical growth. This method of plaque evolution is repeated after
each FSI simulation until the stenosis severity is reached to or beyond the 78%
critical level.
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Chapter 4
Model validation and mesh
independence
The thesis employs numerical methods to investigate the growth of a plaque due
to blood ow through a stenosed artery. Thus, it is imperative that the simulation
results are physically correct and numerically accurate. These two aspects are
ensured for all the models through the following three steps:
Step 1: Validate the model condition settings with literature so that they rep-
resent the correct physical conditions of the artery wall and blood ow.
Step 2: Establish the mesh independence of the computational grid for the uid
domain, so that the change of numerical results is minimized as the grid becomes
ner.
Step 3: Conduct several cycles of simulation continuously until ow repeatability
is achieved, so that the results are cycle-invariant under the time-variant condition.
4.1 Validation of model settings
This section presents the procedure and the results of validation for the model
settings. The validation model geometry in this thesis is a 3-D axis-symmetric
representation of the 2-D stenosis model geometry used by Lee et al. [30] and Chan
et al. [9]. The ow prole is of a pulsatile sinusoidal waveform with time period
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tp = 0:345[s] adopted from Ohja et al. experimental study [45]. Lee et al. [30]
modeling result was validated against the experimental work of Ohja et al. [45].
Chan et al. [9] used the one-way FSI technique with the same model settings as Lee
et al. to achieve a good validation when comparing the WSS results against Lee
et al. at the normalized time step t=tp = 0:25 (peak ow). Figure 4.1 shows that
the WSS of Chan et al. matched well with that of the Lee et al. under Newtonian
condition. Using the validated model settings, Chan et al. further investigated the
blood ow behavior further by using non-Newtonian uid models such as the power
law model and the Carreau model.
The model validation in this thesis is done by comparing the WSS along the
artery wall in the axial direction for a 45% axis-symmetric stenosis severity model,
resulting from the power law blood model to that of Chan et al. [9] at the normalized
time step t=tp = 0:25 (peak ow). The validation of results is conducted to ensure
the accuracy of the 3-D model used in this thesis. The CPU time to complete each
cycle (time period) was 14 hours and 15 minutes using a Dual Core 2.0 GHz CPU
with 4G of RAM. The average iterations per time step was 12. In order to compare
results, the blood rheology was described by the power law model, same as that
used by Chan et al., the model settings were also adopted from Chan et al [9, 8].
As shown in Figure 4.2, the maximum WSS occurs at about 0.0162[m] from the
inlet for the time step t=tp = 0:25. This is supported by the results of Chan et al.
[9]. The WSS prole in the vicinity of the stenosis is also closely matched when
comparing to the results of Chan et al. The peak WSS value is slightly higher
than the result from the results of Chan et al. and the WSS prole recovers to the
outlet value at a slower rate when compared to the results of the 3-D validation
model. These variations are expected as the stenosis shape is slightly dierent.
The stenosis shape for the 3-D model is of a spherical form (Figure 3.1), while
the stenosis shape for the 2-D models presented in [9, 30] is of a trapezoidal form,
(Figure 3.2). Furthermore, the 2-D model of Chan et al. is simulated using the one-
way FSI technique, while the 3-D validation model is simulated using the two-way
FSI technique.
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Figure 4.1: A comparison of WSS resulted by Newtonian ow at t=tp = 0:25 (Peak
ow).
Figure 4.2: A comparison of WSS resulted by power law ow at t=tp = 0:25 (Peak
ow).
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4.2 Mesh independence
The mesh independence test was conducted on the base model geometry (see Fig-
ure 3.3). The meshes for both the uid and solid models are dominated by the
hexahedra elements. Mesh independence test is carried out to solve for the uid
convection-diusion equations and the artery wall deformation, using the two-way
FSI method. Figure 4.3 presents the results of the mesh independence test on the
base model with several mesh densities. Mesh independence is achieved as the
number of elements in the uid domain approaches 125,000. The mesh for the solid
artery wall model contains four layers of elements across the thickness of the wall,
see Figure 4.4. This is done to ensure accurate simulation results when large de-
formation of the mesh is expected. Both the uid and solid meshes are generated
with the mesh density increased at the stenosis region, see Figure 4.5 - 4.6.
In order to generate the maximum amount of hexahedral elements for both the
solid and uid meshes, the geometry is separated into 8 parts. By doing so, each
part can be discretized with dierent meshing methods to generate a more desirable
mesh quality to minimize the discretization error. The straight sections of the artery
is discretized by the Sweep meshing technique with 100 divisions, while the stenosis
region is discretized by the Hex-dominant meshing technique using the parameters
listed in Table 4.1. All subsequent meshes are also generated using the parameters
listed in Table 4.1 to ensure mesh independence is satised.
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Figure 4.3: Maximum WSS values for four mesh densities.
Figure 4.4: A close up view of the solid mesh showing 4 layers of hexahedral elements
along the thickness of the artery wall.
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Figure 4.5: A view of the mesh for the uid region.
Figure 4.6: A view of the mesh for the solid region.
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Table 4.1: Mesh parameters
Element size 0.0002m
Relevance center Fine
Smoothing High
Transition Slow
Span angle center Fine
Shape checking Fine
Ination Smooth
Ination growth rate 1.2
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4.3 Flow repeatability
Flow repeatability is tested across all models in this thesis to ensure ow patterns
anywhere in the uid domain repeat themselves. Taking the 45% severity axis-
symmetric stenosed model (the base model) as the example, Figure 4.7 shows the
axial velocity variation at the outlet over a time period of four continuous time
cycles. Clearly, ow repeatability is achieved at the third cycle as the axial velocity
pattern for the third cycle overlaps with that for the fourth cycle. More importantly,
since the velocity prole is examined at the normalized post-stenotic point Z 0 = 4:3
(chosen by Lee et al. [30] for comparison against Ohja et al. [45] experimental
results), it is necessary to ensure that the ow prole is repeatable at Z 0 = 4:3. As
shown in Figure 4.8, the velocity value at the end of the third time period matches
the velocity value at the beginning of the same time period. Furthermore, the axial
ow velocity pattern over the third time period at the point Z 0 = 4:3 repeats the
same pattern over the fourth time period.
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Figure 4.7: Axial velocity at the Outlet for 45% axis-asymmetric stenosed artery
over a time period for four continuous time cycles.
Figure 4.8: Axial velocity for 45% axis-asymmetric stenosed artery over a time
period for four continuous time cycles at Z 0 = 4:3.
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Chapter 5
Analysis of mild and severe
stenosis
This chapter provides a discussion on the dierences in ow behavior between a
mild and a severe stenosis model. Unlike the previous chapter, where the stenosis
shape is of axis-symmetric form, the stenosis shape from this chapter onwards is
of axis-asymmetric form. In the rst section of this chapter, simulation results are
presented for the mild stenosis severity (45%). The second section of this chapter
analyzes simulation results for the severe stenosis severity (78%). Each stenosis
severity model contains two sub-models, one with a lipid pool and one without.
5.1 FSI simulations of mild stenosis models
In this section, the results for the axis-asymmetric 45% stenosis severity models are
discussed. Figures 5.1 and 5.2 shows the 3-D geometry representations for the 45%
stenosis with and without lipid pools. The 45% stenosis severity model without
a lipid pool is also referred to as the 'base model', shown in 3.3 and detailed in
Chapter 3.1.2. The CPU time to complete each cycle was on average 20 hours and
40 minutes for the base model and 29 hours and 5 minutes for the lipid pool model,
using a Dual Core 2.0 GHz CPU with 4G of RAM. The average iterations per time
step was 15, a total of 69 time steps is set per cycle, each cycle being one time
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Figure 5.1: Stenosis shape for the base model - 45% stenosis severity.
period of 0.345[s]. The uid model used from this chapter onwards is the Casson
uid model. The material properties are given in 3.1, where the base model adopts
w for the artery wall and stenosis. The lipid pool model adopts w as the artery
wall and stenosis and E for the lipid pool.
5.1.1 Base model
Figures 5.3a and 5.3b show the WSS results for the base model. Unlike the val-
idation model, at each time step there are two peaks in the asymmetric model.
The curve with the higher peak represents WSS from the stenosed side of the wall;
while the one with the lower peak represents WSS from the healthy side of the wall.
The maximal higher peak WSS is 2.4[Pa], at t=tp = 0:25 (systolic phase) and the
minimal higher peak WSS is 0.75[Pa], at t=tp = 0:75 (diastolic phase). As shown
in Figures 5.4a and 5.4b, the pressure on the artery wall varies mostly in a linear
fashion. However, the pressure drop dierence at the stenosis region is noticeable,
around 100[Pa] for the diastolic phase and 200[Pa] at the systolic phase. Pressure
of all time intervals converges to the specied outlet pressure, which again suggests
that the model works properly. Velocity at the post-stenotic region is also investi-
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Figure 5.2: Geometry shape for the 45% stenosis model with a lipid pool.
gated, repeatability of results for the 45% uniform wall material model is achieved
after three time periods. The results presented here are from the fourth time pe-
riod, previous time periods are available in the appendix. Figure 5.5 shows that
the centreline velocity variation at Z 0 = 4:3 has lost its sinusoidal prole towards
the end of the time period. This suggests that the artery blockage forces blood to
travel at a higher speed at the stenosis contraction.
5.1.2 Mild stenosis model with lipid pool
Figures 5.6a and 5.6b provides the WSS resulting from the lipid pool model. The
maximum WSS is 3[Pa] and is observed in the systolic phase (t=tp = 0:25), see
Figure 5.6a. Comparing to the WSS of the base model (see Figures 5.3a and 5.3b),
the result of the lipid pool model is more realistic as there is no sharp rise in the WSS
on the healthy side of the wall and less uctuation of WSS in the post-stenotic phase
(t=tp = 0:75). This is also conrmed by the pressure results (see Figures 5.7a and
5.7b), where results at both time steps show less pressure uctuation in the post-
stenotic region. The pressure variation at the stenotic contraction region is similar
to the base model, at all time steps. The pressure trend is almost linear in both pre
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Figure 5.3: WSS along the 45% axis-asymmetric stenosed artery for the base model.
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Figure 5.4: Pressure along the 45% axis-asymmetric stenosed artery for the base
model.
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Figure 5.5: Velocity plots for 45% axis-asymmetric stenosed artery for the base
model at the fourth time period: velocity magnitude vs. time at Z 0 = 4:3
and post-stenotic regions, with no major uctuation at the stenotic contraction.
Furthermore, the centreline velocity magnitude in the post-stenotic region varies
with time in a smooth sinusoidal prole as shown in Figure 5.8. The lipid pool model
achieves repeatability of results over two time periods (see Figures A.4 and A.5).
Results from the third time period show minimal velocity distortion throughout the
cycle. For a 45% stenosis, that is a relatively mild case of atherosclerosis, velocity
distortion is not expected. Therefore, the lipid pool model is shown to be more
accurate, hence the preferred model.
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Figure 5.6: WSS along the 45% axis-asymmetric stenosed artery for the lipid pool
model.
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Figure 5.7: Pressure along the 45% axis-asymmetric stenosed artery for the lipid
pool model.
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Figure 5.8: Velocity plots for 45% axis-asymmetric stenosed artery for the lipid pool
model at the third time period: velocity magnitude vs. time at Z 0 = 4:3
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Figure 5.9: Geometry shape for the 78% stenosis model with a lipid pool.
5.2 FSI simulations of severe stenosis models
The 78% severity stenosis is considered as the most severe form of the disease. The
78% stenosis severity model is created from the base model 3.3 by increasing the
stenosis severity Y 0 until 78% of artery blockage is achieved, A0+B0 remain equal
to the 45% stenosis severity model. The addition of the a lipid pool to the 78%
stenosis severity model is also constructed (see Figure 5.9), the four-fold increase
of stiness for the stenosis recommended by Li et al. [32] is adopted. The 78%
stenosis severity without a lipid pool is referred to as the uniform material stenosis
model, the 78% stenosis severity with a lipid pool is referred to as the multi-material
stenosis model. The material properties (detailed in 3.1) for the uniform material
stenosis model are: artery wall = w, stenosis region = s. The material properties
for the multi-material stenosis model are artery wall = w, stenosis region = s and
lipid pool = E. The CPU time to complete each run was on average 44 hours and
23 minutes for the uniform material stenosis model and 57 hours and 56 minutes
for the multi-material stenosis model using a Dual Core 2.0 GHz CPU with 4G of
RAM. The average iterations per time step was 15, other model settings remain
the same as the mild stenosis models. Though its maximum WSS values for the
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uniform material stenosis model (see Figures 5.10a and 5.10b) are similar to that
of the 45% severity model, there is a signicant increase in the WSS values in the
stenotic contraction for the non diseased side of the artery and post-stenotic regions.
This is due to the high severity of the stenosis and much narrower passageway for
blood ow, creating the high shear stress on both surfaces of the wall. Pressure
drops (see Figures 5.11a and 5.11b) are much greater when compared to that of
the 45% severity models. This is expected, as the stenosis severity is higher, the
pressure drop at the stenotic contraction would be greater. The maximum pressure
drop is 350[Pa] at t=tp = 0:25, the lowest pressure drop is 26[Pa] at t=tp = 0:75.
The pressure trends are very similar when compared to the 45% severity models
at all other time steps in the pre and post-stenotic regions. Pressure uctuation is
only observed at the diastolic phase for both 45% and 78% severities.
78
0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Distance @mD
Stenosis side Opposite Wall
W
al
lS
he
ar
St
re
ss
@P
aD
Systolic
(a) t=tp = 0:25.
0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Distance @mD
Stenosis side Opposite Wall
W
al
lS
he
ar
St
re
ss
@P
aD
Diastolic
(b) t=tp = 0:75.
Figure 5.10: WSS along the 78% axis-asymmetric stenosed artery with uniform wall
material properties.
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Figure 5.11: Pressure along the 78% axis-asymmetric stenosed artery with uniform
wall material properties.
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Figure 5.12: Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties at the fourth time period: velocity magnitude vs. time at
Z 0 = 4:3
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The 78% uniform material model achieves repeatability of results over three
time periods (see Figures A.6 to A.8). Velocity prole at the post-stenotic point
indicates a major distortion of the sinusoidal prole at the fourth time period, shown
in Figures 5.12. This high velocity and the narrowed passageway would be a main
contributing factor to the velocity prole distortion.
The 78% severity multi-material model with brous cap and lipid pool reveals
more WSS uctuation (see Figures 5.13a and 5.13b) in the post-stenotic region when
compared to that of the uniform wall material model (see Figures 5.10a and 5.10b).
Due to the additional stiness included in the brous cap, the eect of the lipid
pool is masked, resulting in more WSS uctuation in the post-stenotic region. The
WSS magnitudes on the healthy side of the artery wall at the stenotic contraction
are signicantly smaller than the uniform material stenosis model. This trend is
observed for both systolic and diastolic phases. Thus, using the multi-material
stenosis model is necessary for obtaining more accurate WSS values.
Pressure variations at all time steps (see Figures 5.14a and 5.14b) show almost
identical trends to the uniform material stenosis model, when compared to that in
Figures 5.11a and 5.11b. This may be linked to the behavior of the brous cap.
With a thicker brous cap, pressure is not expected to vary as much as that of the
45% severity model.
To evaluate how many times greater the WSS in a stenosed artery is than that
in a normal artery of the same dimension, a ratio of the maximum WSS to the WSS
at outlet of the same artery model is sucient, providing the length of the artery
model is adequate enough for satisfying the accuracy requirement of the numerical
solution. In order to conrm the adequacy of the artery model length, a two-way
FSI simulation of the same Casson blood ow through a normal artery of the same
dimension is carried out. Figures 5.16a and 5.16b presents the WSS results at two
time steps, respectively. Comparing Figures 5.16a and 5.16b to Figures 5.10a and
5.10b (a 78% stenosed artery at the same time steps), the normal artery model
shows no WSS elevation at the stenosis and a smooth prole distal to the stenosis,
while the stenosed artery shows a large level of WSS distortion at the stenosis and
82
0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Distance @mD
Stenosis side Opposite Wall
W
al
lS
he
ar
St
re
ss
@P
aD
Systolic
(a) t=tp = 0:25.
0.00 0.01 0.02 0.03 0.04 0.05 0.06
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Distance @mD
Stenosis side Opposite Wall
W
al
lS
he
ar
St
re
ss
@P
aD
Diastolic
(b) t=tp = 0:75.
Figure 5.13: WSS along the 78% axis-asymmetric stenosed artery with multi-
material wall material properties.
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Figure 5.14: Pressure along the 78% axis-asymmetric stenosed artery with multi-
material wall material properties.
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Figure 5.15: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the tenth time period: velocity magnitude vs. time at
Z 0 = 4:3
in the post-stenotic regions. However, the WSS values at the inlet and outlet of
the normal artery correspond to that of the healthy side of the stenosed artery
model. This conrms that the length of our stenosis artery model is adequate,
thus the numerical results at the outlet of a stenosed artery represent that of a
normal artery of the same dimension. The maximum WSS value is approximately
8 times greater at the stenosis contraction than that in a normal artery for both
time intervals. Figure 5.15 shows that velocity variation at the post-stenotic point
(Z 0 = 4:3) at the tenth time period. The velocity prole has a larger degree of
distortion compared to the uniform material stenosis model (Figure 5.12) of the
same severity. The velocity prole fails to smooth out when compared to the 45%
multi-material model. This is due to the increased thickness of the brous cap
(compared to the 45% model), resulting in less exibility of the stenosis. The thick
brous cap in combination with highly severe stenosis masks the eect of the soft
lipid pool at the center of the stenosis.
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Figure 5.16: WSS along the 45% normal artery.
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The velocity prole for the 78% multi-material stenosis model does not reach full
repeatability after ten time periods (see Figure 5.15). The increased exibility of
the stenosis (compared to the 78% uniform material stenosis model) along with high
degree of stenosis severity and a lack of stenosis tapering causing large deection
to the stenosis. Figures 5.17a and 5.17b show the mesh displacement on the artery
wall at the post-stenotic point Z 0 = 4:3 for the ninth and tenth time periods. It
is evident that the mesh displacement prole is slightly dierent across two time
periods. This suggests that the artery/stenosis is exing at a dierent frequency to
the pulsatile frequency of the blood ow, which suggests that the velocity prole at
Z 0 = 4:3 will never repeat itself. The lack of stenosis tapering for the 78% stenosis
model is unrealistic as one would not expect plaque build-up only in the vertical
direction, this leads to the motivation to conduct plaque growth modeling, which
is presented in the next chapter of the thesis.
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(a) Ninth time period.
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(b) Tenth time period.
Figure 5.17: Mesh displacement on the artery wall at Z 0 = 4:3.
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Chapter 6
Plaque growth modeling
The main objective of this thesis focuses on the construction and the plaque mor-
phology evolution due to the plaque growth in the vertical (along the  Y) direction,
the circumferential direction and both horizontal directions along the axes (refer to
Figure 3.10 for these directions). The horizontal growth is modeled into both the
pre and post stenotic regions. The plaque growth modeling begins with the base
model of 45% severity as shown in Figure 3.3a. By applying the plaque growth
hypothesis (discussed in Section 3.4), a series of stenosis severity models are con-
structed due to the amount of plaque growth obtained from the simulation results.
Furthermore, for the extreme severity stenosis model, the 79% severity, three vari-
ations of this model are also created for the stress analysis within the brous cap
(for details see Section 3.4). These are the models with a small lipid pool, a large
lipid pool and the large lipid pool with a softer brous cap.
The rst section of this chapter presents a series of plaque geometries evolved
base on plaque growth modeling, starting from a mild stenosis severity model. The
WSS results of the most severe case 79% resolved from the plaque growth are
analyzed to show the dierences in ow behavior compared to the 78% stenosis
model presented in chapter 5.2.1. The CPU time to complete each cycle was on
average 256 hours and 15 minutes for the 79% severity models and 70 hours and
30 minutes for the 53%, 55% and 59% severity models using a Quad Core 2.4 GHz
CPU with 12G of RAM. The average iterations per time step was 19, a total of
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69 time steps is set per cycle, each cycle being one time period of 0.345[s]. The
second section of this chapter utilizes the plaque growth models to examine Von
Mises stress results at three points inside the brous cap. These results are used
to help determine the risk of plaque rupture at these three points inside the brous
cap.
6.1 Plaque morphology evolution due to growth
Applying the growth modeling method established in this research (detailed in
chapter 3.4), this section of the thesis aims to investigate the behavior of plaque
buildup in the axial (+= Z), vertical ( Y) and circumferential directions starting
from the base model (see Figure 3.3). Since the base model contains no stenosis
tapering at all, two shape correction models are developed to establish stenosis
tapering. Figures 6.1 and 6.2 shows the Z component of the velocity in the axial
and vertical directions on the stenosed (solid curve) and opposite (dotted curve)
sides of the wall, extracted in the diastolic phase. The shaded area in Figure 6.1
indicates the stenosis location and the length of the plaque along the artery wall. A
length of 2 [mm] negative velocity zone indicating the uid reversal area is observed
in the post-stenotic region. This length is used to form the initial post-stenotic
tapering of the stenosis as shown in Figure 6.3, which is now referred to as the
initial shape correction model. The velocity results presented in Figure 6.2 is not
used for the vertical plaque growth modeling, as the stenosis geometry requires
further shape correction.
The results of the FSI simulation on the initial shape correction model show
two uid reversal regions on either side of the stenosis (see Figure 6.4), the stenosis
length is represented by the shaded area. The axial speed results show a 6 [mm]
ow recirculation zone, as the potential plaque growth portion, in the post-stenotic
region. However the results also show a 5 [mm] uid stagnation zone in the pre-
stenotic region, which is deemed unrealistic. The expected ow prole for a realistic
stenosis growth model should show the pre-stenotic region (high WSS region) having
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Figure 6.1: Z component velocity prole for the base model, Z direction, 45%
stenosis severity, diastolic phase.
around half as much plaque growth than the post-stenotic region (near-zero WSS
region), according to the method of growth detailed in Chapter 3.4. Thus the
plaque morphology in the shape correction model is unrealistic due to the fact that
the model has no tapering present in the pre-stenotic region, therefore, results in
the unrealistic velocity prole. Based on the above analysis, the improved shape
correction model is constructed with a 6 [mm] post-stenotic growth determined from
the numerical simulation, and a 3 [mm] pre-stenotic growth determined based on the
method of growth. Similarly, the vertical growth is also determined. In this case,
the height of the uid recirculation zone is found to be 0.8 [mm], shown in Figure 6.5.
Consequently, a 0.4 [mm] vertical growth at the throat region is added. The new
stenosis is then constructed from these three points (pre-stenotic, throat and post-
stenotic). The improved shape correction model geometry becomes a 53% stenosis
model, as shown in Figure 6.6. All subsequent axial speed plots for the Z and Y
directions are placed in the appendix chapter for readers' reference.
To check if the plaque morphology of the 53% stenosis model is realistic, the
model is subjected to the FSI simulation. The results show a pre-stenotic uid stag-
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Figure 6.2: Z component velocity prole for the base model, Y direction, 45%
stenosis severity, diastolic phase.
nation zone of 1 [mm] and a post-stenotic ow recirculation zone of 2 [mm], providing
a perfect agreement with Soulis et al. relationship [58]. The vertical growth for this
model is 0.1 [mm], which gives a 2% increase in the stenosis severity. Putting these
growth data onto the 53% stenotic plaque morphology the 55% stenotic model is
obtained (see Figure 6.7). The FSI simulation results of the 55% stenotic model
gives the similar uid velocity prole to that of the 53% model, i.e. the growth of
1 [mm] pre-stenotic and 2 [mm] post-stenotic regions along with a vertical growth of
0.2 [mm].
The 59% stenotic model (Figure 6.8) has an extreme velocity prole change in
both the axial and vertical directions, when compared with the 55% model. A
2 [mm] pre-stenotic and 10 [mm] post-stenotic stagnation zones are evident. However,
unlike previous growth-updated models where the ow recirculation zone begins
in the wake of the stenosis, this model shows the post-stenotic recirculation zone
beginning shortly after the throat of the stenosis. This indicates that there is more
growth in the middle section of the stenosis, increasing in thickness before tapering
o. A vertical growth of 1.5 [mm] at the stenotic throat is gained, increasing the
stenosis severity to 79%, see Figure 6.9.
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Figure 6.3: Plaque morphology for the shape correction model.
The FSI simulation of the 79% growth updated model presents some challenges
as the mesh in the neighborhood of the plaque including the plaque are highly dis-
torted, consequently preventing the simulation from being completed. Considering
a 79% stenosis is developed over a much longer time period than the lower sever-
ity ones, it is reasonable to assume that material properties of the artery wall and
plaque brous cap should be stier than those in the lower severity models as an
accumulated calcication eect is expected. Furthermore, clinically a 78% stenosed
artery has been considered as the worst severity case, beyond which the likelihood
of life-threatening plaque rupture is imminent, resulting in myocardial infarction.
In order to gain the insight for the stress/strain eld in the artery under such severe
condition, some adjustments for the artery material properties have to be made to
complete the simulation through the full pulsatile ow cycle.
The stiness of the artery wall is gradually increased to 30 [MPa] (shear modulus)
equivalent to a bulk modulus of 300 [MPa]. The stiness in the stenosis region is
doubled to 48 [MPa] (shear modulus) and 480 [MPa] (bulk modulus). This is done to
ensure the stability of full cycle of simulation results are obtained, and then enables
comparisons with varying size of lipid pools. Although the increase in stiness is
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Figure 6.4: Z component velocity prole for the initial shape correction model, Z
direction, 45% stenosis severity, sinusoidal ow, diastolic phase.
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Figure 6.5: Z component velocity prole for the initial shape correction model, Y
direction, 45% stenosis severity, sinusoidal ow, diastolic phase.
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Figure 6.6: Plaque morphology for the 53% stenosis model.
signicant, the values are still within the acceptable range. As reported in literature,
Li and Gillard [33] used bulk moduli of 1600 [MPa] and 3000 [MPa] for the wall and
brous cap respectively. The CFD results for the uid provide an insight into the
ow behavior through such an extreme stenosis. The FEM results for the solids
contain detailed stress distributions in the artery wall and plaque brous cap with
varying stiness, which will be reported in the next section of the thesis.
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Figure 6.7: Plaque morphology for the 55% stenosis model.
Figure 6.8: Plaque morphology for the 59% stenosis model.
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Figure 6.9: Plaque morphology for the 79% stenosis model.
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Figure 6.10: WSS along the 79% axis-asymmetric stenosed artery with no lipid
pool.
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Figure 6.11: Pressure along the 79% axis-asymmetric stenosed artery with no lipid
pool.
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Figure 6.12: Axial velocity prole for 79% stenosis model.
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Figure 6.13: Axial velocity prole for 79% stenosis model with a small lipid pool.
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Figure 6.14: Axial velocity prole for 79% stenosis model with a large lipid pool.
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Figure 6.15: WSS along the 79% axis-asymmetric stenosed artery with a small lipid
pool.
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Figure 6.16: Pressure along the 79% axis-asymmetric stenosed artery with a small
lipid pool.
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Figure 6.17: WSS along the 79% axis-asymmetric stenosed artery with a large lipid
pool.
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Figure 6.18: Pressure along the 79% axis-asymmetric stenosed artery with a large
lipid pool.
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When comparing the WSS and pressure proles to those of the uniform stenosis
models show extreme behavior in the systolic phase (see Figures 6.10a, 6.10b, 5.10a
and 5.10b). For the 79% growth updated model, peak WSS value is around 1.6[Pa],
which is lower than the 78% stenosis model (2.5[Pa]). However, the peak WSS
value on the healthy side of the artery wall is 1.5[Pa] for the 79% growth updated
model, compared to 0.7[Pa] in the 78% stenosis model. The WSS values remained
high well into the post-stenotic region for the 79% growth updated model, while
the 78% stenosis model had almost no WSS uctuations in the post-stenotic region.
The above comparisons suggest that the 79% growth updated model is far more
likely to rupture than the 78% stenosis model.
The cross-sectional area of the stenosis for the 78% stenosis model is far smaller
compared to the 79% growth updated model, therefore the stenosis only sustains the
maximum WSS for a fraction of time, with the healthy side of the artery wall only
eected by minor stress. The cross-sectional area of the stenosis for the 79% growth
updated model is several times greater. Although the diseased side of the artery
wall does not endure the same amount of WSS when compared to the 78% model,
the WSS value on the healthy side of the artery wall is signicantly higher. This
suggests that both walls from the 79% growth updated model are under extreme
duress, dramatically increasing the chances of wall rupture. Finally, there is much
more WSS uctuation shown in the 79% growth updated model, which suggests the
stenosis is more vulnerable than the 78% stenosis model. The above observations
are also supported by the pressure results, shown in Figures 6.11a, 6.11b, 5.11a and
5.11b. The 79% growth updated model show a much larger pressure drop at the
stenosis for both systolic and diastolic phases when compared to the 78% stenosis
model, this again highlights the vulnerability of the stenosis in the 79% growth
updated model.
The axial velocity prole for the 79% growth updated model is signicantly
dierent when compared to previous growth models with less stenosis severity, i.e
Figure 6.1. In Figure 6.12, the peak axial velocities at the center of the stenosis
is equally high for both sides of the wall, with the non diseased wall producing
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slightly higher values for a longer period of time. Several ow recirculation zones
are evident in the post-stenotic region of the healthy side of the wall, while one deep
ow recirculation zone is detected for the diseased side of the wall. The height of the
recirculation zone in the post-stenotic region also indicates that, if the same growth
rule is used, the further growth of the stenosis would exceed 100% stenosis severity,
resulting in a complete blockage of the artery. Certainly, this is not possible as the
fatal plaque rupture would occur before such growth could be achieved. The next
adjustment to the model is the addition of a lipid pool. The lipid pool region was
not included in previous growth models due to the lack of knowledge on lipid pool
growth. It is presented in this nal model to give some insight on the eect of lipid
pool when the results are compared to the 79% growth updated model without lipid
pool. Firstly, the axial velocity of a small lipid pool stenosis model is compared
with the 79% growth updated model without the lipid pool region (Figure 6.12).
The axial velocity behavior in both models are nearly identical, Figure 6.13 suggests
that the lipid pool did not have any signicant eect on the axial velocity prole.
Secondly, a larger lipid pool model is tested to determine whether the size of lipid
pool had any signicant eect on axial velocity. This is not the case, as Figure 6.14
again shows an almost identical axial velocity prole when compared to the small
lipid pool and no lipid pool models, shown in Figures 6.12 and 6.13. The WSS and
pressure results are also identical to the 79% growth updated model, comparing
Figures 6.15-6.18 to Figures 6.10-6.11.
Finally, the model containing a large lipid pool is modied to have 25% less
stiness in the stenosis. This modication is done to test if a change of stiness
in the brous cap would eect blood ow behavior. The number of time steps for
this simulation has been adjusted from 69 to 115, to accommodate the large mesh
deformation during the simulation. Figures 6.19a, 6.19b, 6.20a and 6.20b show
WSS and pressure results for the soft brous cap model. These plots indicate no
signicant dierences when comparing the WSS and pressure results of the small
and large lipid pool models or the model without a lipid pool i.e Figures 6.15-6.18
and Figures 6.10a-6.11b. From the above, it is clear that the ow behavior in the
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Figure 6.19: Pressure along the 79% axis-asymmetric stenosed artery with a large
lipid pool and a softer artery wall.
108
0.00 0.02 0.04 0.06 0.08
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Distance @mD
Stenosis side Opposite Wall
W
al
lS
he
ar
St
re
ss
@P
aD
Systolic
(a) t=tp = 0:25.
0.00 0.02 0.04 0.06 0.08
0.0
0.5
1.0
1.5
2.0
2.5
3.0
Distance @mD
Stenosis side Opposite Wall
W
al
lS
he
ar
St
re
ss
@P
aD
Diastolic
(b) t=tp = 0:75.
Figure 6.20: WSS along the 79% axis-asymmetric stenosed artery with a large lipid
pool and a softer artery wall.
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vicinity of the stenosis is similar amongst several models containing various material
properties. The size of the plaque morphology does eect the ow behavior in a
signicant way, shown by the comparison between the 79% growth updated model
and the 78% multi-material model.
The method of growth modeling proposed in this section enables a systematic
approach in utilizing the CFD data to construct the new stenosis model after each
FSI simulation stage. The growth-updated plaque geometries reported in this sec-
tion show more realistic features than those reported previously, demonstrating that
the method is a good approximation for studying the formation of atherosclerosis.
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6.2 Stress analysis of growth-updated stenosis mod-
els
As a chronic disease, a mild severity stenosis is asymptomatic, and as the atheroscle-
rotic plaque grows, the stenosis generally remains asymptomatic until it approaches
the 78% blockage of the artery (78% severity). At this advanced stage, plaque may
suddenly rupture resulting deadly consequence to the patient. The possibility of
plaque rupture depends on the structure of the plaque. A plaque with soft brous
cap and large lipid pool is more prone to rupture than that with strong brous cap
and smaller lipid pool. The advantage of using FSI technique provides the oppor-
tunity to study the stress level and its variation within the time period inside of the
brous cap of a plaque with dierent material properties and dierent lipid pool
sizes. The aim is to determine how brous cap stiness and the size of lipid pool
eect the stress levels within the plaque.
The plaque growth model with the extreme level of stenosis severity (79%) is
used. Three points are plotted inside the brous cap at the front, tip and rear of the
stenosis as shown in Figure 6.21. In order to examine the stress eld inside of the
plaque, Von Mises Stress is calculated on these 3 points on the center plane of the
stenosis. The same point locations are used for comparison in all 3 models: Model
A - small lipid pool (Figure 6.22), Model B - large lipid pood (Figure 6.23) and
Model C - large lipid pool with less brous cap stiness. The stiness of stenosis and
artery walls for Models A and B are 48[MPa] and 30[MPa] shear moduli respectively.
The stiness of stenosis and artery walls for Model C are 36[MPa] and 12[MPa] shear
moduli respectively.
Figure 6.24 presents Von Mises stress variations on these three points over a
time period for Model A. The stress at the front of the stenosis for Model A has
a minimum value of just under 4[kPa] and a maximum value of 4.3[kPa]. The rear
of the stenosis has a minimum stress value of 4.2[kPa] and a maximum stress value
of 4.5[kPa]. The tip of the stenosis shows much higher stress level and larger stress
variation. The minimum stress value is shown to be 5.4[kPa] and the maximum is
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Figure 6.21: 3 centreline points which Von Mises Stress will be calculated on.
6.2[kPa]. These above results show the front of the stenosis experiences the least
amount of stress followed by the rear of the stenosis and nally the tip of the
stenosis, where most stress occurs. The dierence in stress variation is the same for
the front and rear of the stenosis (300[Pa]), which stress variation at the tip of the
stenosis doubling to 600[Pa]. The minimum stress values for all 3 points is found
at t=tp = 0:5. The maximum stress values for the front and rear points are at both
ends of the time interval, while the maximum stress value for the tip point is found
at t=tp = 0:85.
Figure 6.25 presents the Von Mises stress variations on these three points over
a time period for the Model B. Stress results at the front of the stenosis for Model
B indicates a minimum stress value of 4.5[kPa] and a maximum stress value of
4.9[kPa]. The rear of the stenosis has a minimum stress value of 5.45[kPa], while
the maximum stress value is 5.8[kPa]. The tip of the stenosis again shows elevated
stress values compared to the previous two points with the minimum stress value
as 8.1[kPa] and the maximum stress value 9.8[kPa]. Figure 6.25 also shows the front
and rear regions of the stenosis have the lowest stress variation (400[Pa]) and the tip
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Figure 6.22: Geometry shape for the 79% stenosis model with a small lipid pool.
of the plaque has the largest stress variation (1700[Pa]), more than 4 times higher
than that at the front and back of the stenosis, over a time period. Figures 6.24
and 6.25 reveal the maximum Von Mises stress occurs at the time step t=tp = 0:85
for both model A and Model B. It is important to examine the stress distribution
within the plaque region at this time step.
Figures 6.26 and 6.27 provides the contour plots of Von Mises stress distribution
on the center plane of the plaque with the small lipid pool and the large lipid pool,
respectively. The Von Mises contour plots for Model A and B further back up the
above ndings as both show high stress levels along the tip of the brous cap. More
importantly, two high stress gradient regions are noted on either side of the tip of
the plaque. These two areas are considered as risk locations for plaque rupture, due
to the rapid change of stress level causing plaque instability.
Focusing on the stress proles for Model C as shown in Figure 6.28, it is clear
that the stress prole at the beginning of the time period show a sudden increase
followed by a sharp decrease in the stress prole. For a close-up view of the three
stress proles, see Figures 6.29, 6.30 and 6.31. This is not evident for Models A and
B. Furthermore, there is stress discontinuity between the beginning and the end of
the time period. The discontinuity shown in the stress prole is unexpected, as it
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Figure 6.23: Geometry shape for the 79% stenosis model with a large lipid pool.
violates the physics law of continuum medium. The stress value at the beginning of
a time period should equal the stress value at the end of the time period much like
the stress proles shown in Figures 6.24 and 6.25. This leads to the conclusion that
the softness of the brous cap in Model C produces unrealistic simulation results.
This suggests that the soft brous cap cannot sustain such a great pressure received
from the blood ow. In reality, a soft brous cap represents an unstable plaque,
which would have ruptured under such severe level of stenotic constriction environ-
ment. This highlights the importance that the stress prole within the brous cap
should be carefully analyzed to ensure the simulation results are adequate for stress
analysis.
Lastly, it is evident that the size of lipid pool plays an important role in plaque
rupture. Though the maximum stress is found on the tip of plaque for both Models
A and B, comparing results of Model A to that of Model B, the maximum stress
at the tip of the stenosis increased from 6.2[kPa] to 9.8[kPa], while the minimum
stress at the tip of the stenosis increase from 5.4[kPa] to 8.1[kPa]. This equates
to an approximate 35% raise in stress level within the brous cap, which is due
to the lipid pool in Model B being considerably larger than Model A, making the
stenosis more exible and much more vulnerable to rupture under the same uid
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Figure 6.24: Von Mises stress at the front, back and tip of the stenosis for the small
lipid model.
ow condition. The Von Mises stress contour plots through the 3 data points further
reveal the locations where rupture would initiate within the tip region of a plaque.
To conclude, the stress analysis highlights the importance of studying the stress
eld variation within a plaque over a time period. The FSI simulations conducted
in this research provide valuable data for analyzing the risk of plaque rupture for
an advanced atherosclerotic plaque.
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Figure 6.25: Von Mises stress at the front, back and tip of the stenosis for the big
lipid model.
Figure 6.26: Von Mises stress contour plot at t=tp = 0:85 for the small lipid model.
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Figure 6.27: Von Mises stress contour plot at t=tp = 0:85 for the big lipid model.
Figure 6.28: Von Mises stress at the front, back and tip of the stenosis for the softer
brous cap model, second time period.
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Figure 6.29: Von Mises stress at the front of the stenosis for the softer brous cap
model, rst time period.
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Figure 6.30: Von Mises stress at the front of the stenosis for the softer brous cap
model, rst time period.
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Figure 6.31: Von Mises stress at the tip of the stenosis for the softer brous cap
model, rst time period.
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Chapter 7
Comparison between physiological
and sinusoidal ows
All the modeling presented in the previous chapters have used the sinusoidal pul-
satile ow waveform of time period of 0.345[s] (see Figure 3.8). The Sinusoidal
waveform is used so that the modeling results can be validated with the experimen-
tal work of Ohja et al. [45] and with the numerical studies by Lee et al. [30] and
Chan et al. [9]. It is noted that the time period of 0.345[s] is too small compared
to a human heart rate of approximately 72 beats per minute. Therefore, the nal
stage the thesis is to study the plaque morphology evolution under the typical phys-
iological ow waveform condition (see Figure 3.9). This chapter presents the WSS
results and the amount of growth under physiological ow condition. The evolution
of the plaque morphology resulting from plaque growth modeling and WSS results
are compared to those generated under a sinusoidal ow prole.
This thesis utilizes the blood ow prole for a 50% severity stenosis shown in
Figure 3.9, as the ow prole for plaque growth modeling. The method applied for
plaque growth modeling is identical to Chapter 6.1, where a sinusoidal ow prole
is used. The base model used in this section is also identical to section Chapter
6.1, the only dierence is that the diastolic phase is dened to be where ow rate is
zero (0.265[s]). The negative ow rates would not be considered for plaque growth
modeling as the large amount of ow distortion against the positive ow would
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Figure 7.1: Plaque morphology for the 45% plaque growth shape correction model
using a physiological ow prole.
produce unrealistic ow recirculation zones. The CPU time to complete each run
was on average 240 hours and 10 minutes using a Quad Core 2.4 GHz CPU with
12G of RAM. The average iterations per time step was 16, a total of 160 time steps
is set per cycle, each cycle being one time period of 0.8[s].
The initial post-stenotic tapering is shown in Figure 7.1, again referred to as the
shape correction model. Comparing the the shape correction models of physiolog-
ical ow and sinusoidal ow show in Figure 6.3, the physiological ow simulation
produced a much larger ow recirculation zone, hence a longer tapering shown in
the stenosis geometry Figure 7.1. Figure 7.2 shows the rst plaque growth evolu-
tion of the stenosis geometry using physiological ow prole. The vertical growth
increases the stenosis severity to 53%, which is equal to the amount of growth when
a sinusoidal ow prole was applied. The major dierence in the stenosis shape is
the horizontal plaque growth. The model using physiological ow prole resulted a
greater pre and post-stenotic tapering compared to the 53% stenosis severity model
geometry using the sinusoidal ow prole, see Figure 6.6. The WSS distributions for
the 53% stenosis severity models are presented in Figures 7.3. Comparing the WSS
distribution during the systolic phase, the model using physiological ow prole
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Figure 7.2: Plaque morphology for the 53% plaque growth model using a physio-
logical ow prole.
shows much higher maximum WSS value (3.2[Pa]) than the model using sinusoidal
ow prole (1.0[Pa]), see Figures 7.3. The physiological ow prole presented in this
paper has a maximum ow rate of around 16ml s 1, which is almost 250% greater
than the maximum ow rate of the sinusoidal ow prole (6:9ml s 1). Since is
systolic phase is taken at the peak ow rate, the sharp WSS increase for the model
using the physiological ow prole is expected. For the diastolic phase, the WSS
results are taken at minimum ow rate. The maximum WSS value for the model
using sinusoidal ow prole produced a higher WSS value (1.0[Pa]) than the model
using the physiological ow prole (0.7[Pa]), see Figures 7.4.
Figure 7.5 shows the second plaque growth evolution of the stenosis geometry
using the physiological ow prole. The amount of vertical growth again coincides
with the value for the model using sinusoidal ow prole, which increases the steno-
sis severity to 55%. The WSS results for the systolic phase show a much larger value
for the model using the physiological ow prole when compared to the model using
the sinusoidal ow prole, see Figures 7.6. The 55% stenosis severity model show
a peak WSS value of 3.2[Pa], similar to the 53% stenosis severity model, both sim-
ulated using the physiological ow prole. A small dierence in WSS is evident on
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Figure 7.3: Wall shear stress distributions for 53% stenosis model, systolic phase.
The shaded area indicates the stenosis location and length along the artery.
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Figure 7.4: Wall shear stress distributions for 53% stenosis model, diastolic phase.
The shaded area indicates the stenosis location and length along the artery.
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Figure 7.5: Plaque morphology for the 55% plaque growth model using a physio-
logical ow prole.
the opposite wall, where the 55% stenosis severity model produced a slightly higher
WSS peak value (2.1[Pa]) compared to the 53% stenosis severity model, see Fig-
ures 7.6. The WSS distribution at the diastolic phase for the 55% stenosis severity
model is presented in Figure 7.7. In this case, the model using the physiological ow
prole produced the higher WSS peak. Comparing the WSS results between the
55% and 53% models using the physiological ow prole, no major dierences are
shown. Figure 7.8 shows the third plaque growth evolution of the stenosis geometry
using the physiological prole. The stenosis severity is now increased to 58%, which
is slightly less than the model using the sinusoidal ow prole (59%).
The above results clearly indicates that the use of the sinusoidal ow prole
presented in this thesis (Figure 3.8) provides a reasonable plaque growth approxi-
mation when compared to the physiological ow prole of Li et al. [32]. At each
plaque evolution stage, the two ow proles produced almost the identical amount
of vertical plaque growth. However, the physiological ow prole produced more
plaque build up in the axial direction (both pre and post-stenosis regions) when
compared to the sinusoidal ow prole. The WSS data indicates that the sinu-
soidal ow prole produced much lower maximum WSS values in the systolic phase
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Figure 7.6: Wall shear stress distributions for 55% stenosis model, systolic phase.
The shaded area indicates the stenosis location and length along the artery.
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across all models when compared to the physiological ow prole, similar WSS
values are produced for the diastolic phase. The main dierence between the phys-
iological ow condition and the sinusoidal ow condition is that the risk of plaque
rupture is much higher when a physiological ow condition is used, due to the high
WSS values observed at the stenosis region in the systolic phase.
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Figure 7.7: Wall shear stress distributions for 55% stenosis model, diastolic phase.
The shaded area indicates the stenosis location and length along the artery.
128
Figure 7.8: Plaque morphology for the 58% plaque growth model using a physio-
logical ow prole.
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Chapter 8
Conclusions
8.1 Summary of the conclusions
8.1.1 Summary of the research activities
This thesis models the morphology evolution of a plaque due to to the plaque growth
base on the hemodynamic behavior within a stenosed artery. The rst stage of this
research involves the validation of the model settings against the work of Chan et
al. [9]. The second stage of this research analyzes the WSS, uid pressure and
ow velocity results of the mild and the severe stenosis model using the two-way
FSI technique. Each of these models are then modied to include a lipid pool, to
examine the eect of the lipid pool on the ow behavior, particularly around the
stenosis region. The third and main stage of this research establishes the rule of
plaque growth. By applying this rule of plaque growth, starting from the mild 45%
stenosis model, the evolution of the plaque morphology is determined based on the
previous model simulation results, and subsequent models are constructed as the
result of the plaque morphology evolution until the stenosis severity exceeds the
severe stage of 78%. The WSS, uid pressure and ow velocity results of the 79%
stenosis model are analyzed and compared with the results obtained from the 78%
model presented in the second stage of this research. The fourth stage of this re-
search focuses on the stress analysis within the solid domain (artery and the plaque)
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of the 79% stenosis severity model. The geometry of the 79% stenosis severity model
is modied to include a small and a large lipid pool, respectively. Von Mises stress
inside of the plaque is calculated and analyzed to reveal the locations where plaque
rupture is most likely to occur. The nal stage of this research investigates the
plaque morphology evolution under a physiological pulsatile ow condition using
the same rule of growth established in the thesis. The plaque morphology and the
WSS results resulting from two dierent blood ow proles: the pulsatile sinusoidal
ow and the pulsatile physiological ow are compared and discussed.
8.1.2 Summary of the model congurations
Overall, fteen model geometries are constructed in this thesis. One geometry model
is for results validation; four geometry models are for comparisons between the mild
and severe stenosis cases; ve geometry models are developed during plaque growth
modeling under the sinusoidal ow condition; two geometry models are constructed
to investigate stress variation within the brous cap; and four geometry models are
developed for plaque growth modeling under the physiological ow condition. Each
model geometry consists of a solid domain and a uid domain. The solid domains
in four out of the fteen models are congured to include a small and a large lipid
pool, respectively. The material for the solid domain are also varied for the large
lipid pool model congurations. To conclude, a total of sixteen model congurations
are solved using the two-way FSI simulation.
8.1.3 Research achievements to the eld of study
1. In the second stage of this research, results from the two-way FSI simulations
show the peak WSS is at the stenotic contraction. The systolic phase (t=tp =
0:25) produced much high maximal WSS peak when compared to the diastolic
phase (t=tp = 0:75). There is also more post stenotic WSS uctuation visible
in the diastolic phase, due to the presence of large ow recirculation zones.
The pressure distribution along the axial direction show a mostly linear trend,
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apart from the stenotic contraction, where a small increase in pressure followed
by a sharp drop is evident. The velocity proles for the 78% multi-material
stenosis model suggests that the stenosis is being exed in an unrealistic
manner, causing an unsteady ow behavior. It is concluded from this stage of
research that the stenosis shape has a direct inuence on the ow behavior.
Consequently, the study on plaque morphology evolution due to blood ow is
carried out.
2. In the third stage of this research, by using a 45% stenosis severity model
as the base model, plaque growth is modeled according to the size of the
stagnant ow areas in the pre and post-stenotic regions. The model including
plaque growth produced a much larger stenosis than the uniform stenosis
model. WSS results for the model including plaque growth show high values
on both sides of the artery walls. Signicant WSS uctuation is also evident
in the post stenotic region. Pressure results remain consistent with previous
trends, where larger pressure drop at the stenosis contraction are found when
compared to the uniform stenosis model. The addition of a lipid pool into
the 79% stenosis severity is also considered. Several models including: a 79%
stenosis model without Lipid pool, 79% stenosis model with small lipid pool,
79% stenosis model with large lipid pool and a 79% stenosis model with large
lipid and softer brous cap are tested to investigate the eects of lipid pool size
and the stiness of brous cap. WSS and pressure results show no dierences
between the small lipid pool, large lipid pool and softer brous cap models.
This indicates that the plaque morphology rather than the material properties
is the controlling factor on ow behavior and the risk of plaque rupture.
This stage of the research produced a series of stenosis geometry models with
increased severity levels, respectively. The plaque morphology of each stenosis
geometry model is naturally evolved from its previous geometry based on the
plaque growth method established in the thesis. Furthermore, the FSI simu-
lations also enable the investigation on the eect of plaque internal structure,
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including the size of the lipid pool and the stiness of the brous cap, on
the ow behavior. All these achievements are the unique contributions to the
original eld of research.
3. The fourth stage of this research investigates the stress distribution and vari-
ation within an advanced atherosclerotic plaque over a time period. The Von
Mises stress prole shows that the size of lipid pool played a controlling role on
stress levels within the brous cap. While maximum stress inside the brous
cap is always at the throat of the stenosis, the model with a larger lipid pool
is shown to have much higher stress level within the brous cap, increasing
the chance of plaque rupture dramatically.
4. In the last stage of this research, the investigation into the physiological and
the sinusoidal ow proles show minimal dierences on the plaque growth in
the radial direction. However, the physiological ow prole produces more
plaque growth along the axial and circumferential directions when compared
to the sinusoidal ow prole. The WSS values in the stenosis region, particu-
larly in the systolic phase is much higher when the physiological ow prole
is used. Since WSS is directly linked to ow velocity and uid pressure, this
implies that the plaque is more likely to rupture under the physiological ow
condition.
8.2 Recommended future work
1. In the current research, as an initial study on plaque growth modeling, plaque
growth in the circumferential direction was assumed to equal the amount of
growth in the radial (vertical) direction. In future work, the plaque growth
rule could be rened to include more accurate data for modeling circumferen-
tial plaque growth. This can be achieved by investigating other possible ow
stagnation zones surrounding the stenosis, the data could be extracted and
modeled to improve the plaque morphology.
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2. This thesis assumes blood as a single phase uid. A further improvement
of the research could be carried out using multi-phase pulsatile blood ow
with LDL particles in suspension, mixing with HDL (high density lipopro-
tein) particles, to investigate the eect of HDL particles in reducing the LDL
accumulation.
3. One of the ndings from the research is that plaque morphology evolution
depends on blood ow prole. In real life situations, the blood ow prole
varies from person to person, due to age, DNA and lifestyle dierences. In
order to apply the research outcome to provide clinical assistance when exam-
ining the implications of atherosclerosis, the automation of the plaque growth
simulation procedure established in the thesis is highly recommended.
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Chapter 9
Glossary
Newtonian - A uid whose viscosity is constant and independent of the rate of
shear. There is a linear relationship between the rate of shear and tangential stress.
Non-Newtonian - A uid in which the viscosity changes with the applied strain
rate. Non-Newtonian uids may not have well-dened viscosity.
Viscosity - Thickness or resistance to ow of a liquid. Viscosity generally decreases
as temperature increases.
Shear - A system of forces whose resultant is a force acting perpendicular to the
longitudinal axis of a structural member or assembly.
Stress - The intensity of internal force acting at a point in an object. Stress is
measured in units of force/area. Normal stress acts perpendicular to an imaginary
plane. It has two senses: compression and tension.
Shear Stress - Stress acting parallel to an imaginary plane cutting through an object.
Wall Shear Stress - Tangential drag force produced by blood moving across the
endothelial surface. It is a function of the velocity gradient of blood near the sur-
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face. Its magnitude is directly proportional to blood ow and viscosity, inverse
proportional to the cube of the radius.
Endothelial - Flat layer of cells lining the vessel.
Thixotropy - A time dependent change in viscosity for non-Newtonian uids; the
longer the uid undergoes shear, the tendency of a material to cling to a vertical
surface.
Viscoelastic - A combination of viscous and elastic properties in a material with
the relative contribution of each being dependent on time, temperature, stress and
strain rate. Also termed shear thinning, pseudoplastic. A material which viscosity
decreases with the rate of shear.
Hyper-elastic - An example of this material is rubber, which obtains a nonlinearly
elastic stress-strain relationship.
Isotropic - Equal physical properties along all axis.
Reynolds Number - A non dimensional number that measures the ratio of inertial
force to viscous force, which indicates the importance of these forces for a particular
ow.
Laminar ow - Streamline ow in which successive ow particles follow similar
path-lines.
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Appendix A
Supplementary results
This rst section of this appendix presents the velocity magnitude against time
plots for the mild and stenosis models presented in Chapter 5. The second section
of this appendix presents the axial speed against distance plots used for plaque
growth modeling in Chapter 6. The third section of this appendix presents the Von
Mises stress against time plots for the stress analysis models. The last section of
this appendix presents the axial speed against distance plots used for plaque growth
modeling in Chapter 7 of the thesis.
A.1 Velocity magnitude against time plots for mild
and severe stenosis models
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Figure A.1: Velocity plots for 45% axis-asymmetric stenosed artery with uniform
material wall properties: velocity magnitude vs. time at Z 0 = 4:3.
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Figure A.2: Velocity plots for 45% axis-asymmetric stenosed artery with uniform
material wall properties at the second time period: velocity magnitude vs. time at
Z 0 = 4:3.
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Figure A.3: Velocity plots for 45% axis-asymmetric stenosed artery with uniform
material wall properties at the third time period: velocity magnitude vs. time at
Z 0 = 4:3.
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Figure A.4: Velocity plots for 45% axis-asymmetric stenosed artery with multi-
material wall properties: velocity magnitude vs. time at Z 0 = 4:3
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Figure A.5: Velocity plots for 45% axis-asymmetric stenosed artery with multi-
material wall properties at the second time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.6: Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties: velocity magnitude vs. time at Z 0 = 4:3
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Figure A.7: Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties at the second time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.8: Velocity plots for 78% axis-asymmetric stenosed artery with uniform
wall material properties at the third time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.9: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties: velocity magnitude vs. time at Z 0 = 4:3
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Figure A.10: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the second time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.11: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the third time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.12: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the fourth time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.13: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the fth time period: velocity magnitude vs. time at
Z 0 = 4:3
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0.0
0.1
0.2
0.3
0.4
0.5
Time @sD
V
el
oc
ity
@m
s-
1 D
Figure A.14: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the sixth time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.15: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the seventh time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.16: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the eighth time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.17: Velocity plots for 78% axis-asymmetric stenosed artery with multi-
material wall properties at the ninth time period: velocity magnitude vs. time at
Z 0 = 4:3
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Figure A.18: Z component velocity prole, Z direction, 53% stenosis severity, sinu-
soidal ow, diastolic phase.
A.2 Axial speed against distance plots for plaque
growth models using the sinusoidal pulsatile
ow prole
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Figure A.19: Z component velocity prole, Y direction, 53% stenosis severity, sinu-
soidal ow, diastolic phase.
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Figure A.20: Z component velocity prole, Z direction, 55% stenosis severity, sinu-
soidal ow, diastolic phase.
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Figure A.21: Z component velocity prole, Y direction, 55% stenosis severity, sinu-
soidal ow, diastolic phase.
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Figure A.22: Z component velocity prole, Z direction, 59% stenosis severity, sinu-
soidal ow, diastolic phase.
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Figure A.23: Z component velocity prole, Y direction, 59% stenosis severity, sinu-
soidal ow, diastolic phase.
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Figure A.24: Von Mises stress at the front of the stenosis for a small lipid model at
the rst time period.
A.3 Von Mises stress against time plots for the
stress analysis models
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Figure A.25: Von Mises stress at the back of the stenosis for a small lipid model at
the rst time period.
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Figure A.26: Von Mises stress at the tip of the stenosis for a small lipid model at
the rst time period.
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Figure A.27: Von Mises stress at the front of the stenosis for the small lipid model
at the second time period.
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Figure A.28: Von Mises stress at the back of the stenosis for the small lipid model
at the second time period.
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Figure A.29: Von Mises stress at the tip of the stenosis for the small lipid model at
the second time period.
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Figure A.30: Von Mises stress at the front of the stenosis for the big lipid model at
the rst time period.
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Figure A.31: Von Mises stress at the back of the stenosis for the big lipid model at
the rst time period.
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Figure A.32: Von Mises stress at the tip of the stenosis for the big lipid model at
the rst time period.
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Figure A.33: Von Mises stress at the front of the stenosis for the big lipid model at
the second time period.
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Figure A.34: Von Mises stress at the back of the stenosis for the big lipid model at
the second time period.
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Figure A.35: Von Mises stress at the tip of the stenosis for the big lipid model at
the second time period.
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Figure A.36: Z component velocity prole, Z direction, 45% stenosis severity, phys-
iological ow, diastolic phase.
A.4 Axial speed against distance plots for plaque
growth models using the physiological pul-
satile ow prole
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Figure A.37: Z component velocity prole, Y direction, 45% stenosis severity, phys-
iological ow, diastolic phase.
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Figure A.38: Z component velocity prole, Z direction, 53% stenosis severity, phys-
iological ow, diastolic phase.
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Figure A.39: Z component velocity prole, Y direction, 53% stenosis severity, phys-
iological ow, diastolic phase.
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Figure A.40: Z component velocity prole, Z direction, 55% stenosis severity, phys-
iological ow, diastolic phase.
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Figure A.41: Z component velocity prole, Y direction, 55% stenosis severity, phys-
iological ow, diastolic phase.
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